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INFLUENCE OF GESTATIONAL AGE AND HORMONES ON 
EXPERIMENTAL FOETAL BRADYCARDIA 


By J. D. MARTIN* anp I. MAUREEN YOUNG 


From the Department of Obstetrics and Gynaecology and 
The Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London, 8.E. 1 


(Received 26 June 1959) 


A single intravenous injection of adrenaline or noradrenaline into the 
maternal circulation causes a transient bradycardia of the exposed foetus 
in the near-term rabbit and guinea-pig (Dornhorst & Young, 1952); this 
was shown to be due to asphyxia consequent upon the reduction in maternal 
placental blood flow caused by constriction of the uterine arteries, and not 
due to any accompanying activity of the uterine muscle. The purpose of 
the present investigation was to study the influence of gestational age on 
this asphyxial bradycardia, in the guinea-pig foetus in utero. It was found 
that vasoconstrictor drugs in the maternal circulation caused slowing of 
the foetal heart at the end of gestation only; the experimental evidence 
suggests that this is not due to a greater sensitivity of the foetal heart to 
asphyxia, but to a hormonal sensitization of the maternal placental vessels 
to vasoconstrictor substances. The possible clinical significance of the 
findings is discussed. 

METHODS | 

The observations were made on 75 guinea-pigs at gestational ages ranging from the fortieth 
day of pregnancy to term (67 days). The approximate age of the foetuses was determined 
before the experiment by palpation and afterwards the crown—rump lengths were measured ; 
foetal ages will be described in these terms, and when reference is made to an approximate 
age this has been estimated from the values for crown—rump length given by Draper (1920) 
and Bell (1941). | 

Light anesthesia was induced and maintained with pentobarbitone sodium (Nembutal, 
Abbott Laboratories) 20-30 mg/kg, given into the brachial vein under local procaine 
injection. The maternal arterial pressure was recorded from a saline-filled polythene catheter 
(No. 3) in the carotid artery. The maternal abdominal wall was opened by a mid-line incision, 
under saline at 38° C, and the exposed uterus supported on a gauze sling. Intra-amniotic 
pressure was measured from a saline-filled polythene catheter (No. 2) inserted through the 
intact uterine wall and membranes. Both pressures were measured with New Electronic 
Products inductance type manometers and the recordings, together with the foetal e.c.g., 
were made with the N.E.P. recorder through pencil-type mirror galvanometers with an 
ultra-violet light source and print-out recording paper. 

* Present address: Obstetric Unit, University College Hospital Medical School, London, 
W.C. 1. 

PHYSIO. CLIT 


/ 
. 
be 
~ 
x % 
a 
r) 
= 
P 
P 
> 
~ 
P 
i 
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The foetal heart rate was counted over periods of 7°5 or 15 sec, from e.c.g. records obtained 
with the uterine wall intact. Two No. 1 serum needles were inserted, 0-5 cm. apart, well into 
the foetal thorax, where the heart could be palpated; in order to get a good impulse free 
from interference, it was essential to earth all the apparatus used. 

Vasoconstrictor and other drugs were injected into the maternal jugular vein, cannulated 
with No. 1 polythene tubing. Each was diluted with NaCl solution 0-9 % (w/v) and given in 
volumes of 0-25-1-0 ml., followed by 0-5 ml. saline. The vasoconstrictor drugs studied were 
adrenaline tartrate (British Drug Houses), noradrenaline (Levophed, Bayer Products), 
serotonin (Roche), vasopressin and ergometrine (Burroughs Wellcome). Oxytocin (Synto- 
cinon; Sandoz, and Pitocin; Parke, Davis) was used to stimulate the uterine muscle and 
dibenzyline (Smith, Kline & French) was used for its anti-adrenaline properties. 

The sensitivity of the foetal heart to hypoxia was studied by administering gas mixtures 
containing low oxygen tensions to the mother; mixtures of O, 10% in nitrogen and O, 6% 
in nitrogen were used, delivered from Douglas bags, at the rate of 1—2 1./min to a half rubber 
balloon which fitted closely over the maternal snout. 

The influence of the ovarian hormones on the sensitivity of the uterine maternal placental 
vessels to vasoconstrictor drugs was investigated after the subcutaneous injection, 24 hr 
previously, of either 10 mg progesterone (Proluton; British Schering) or 1 mg oestradiol 
monobenzoate (Oestroform; British Drug Houses). 


RESULTS 


The extent and form of the electrical variations recorded from the foetal 
heart were variable and had no particular significance, since the electrodes 
were placed so as to obtain the best record with no regard to the orientation 
of the heart. The QRS complex showed a deflexion of 0-5-1-0 mV in good 
records; the T wave was frequently inverted during asphyxia. Figure 1 
shows that the records obtained were uninfluenced by the maternal heart, 
the foetal heart slowing only during the administration of the vasocon- 
strictor drug to the mother. Bauer (1938) also used the e.c.g. to measure 
the foetal heart rate in the rabbit; the method has the advantage that the 
foetus may be studied in utero. 

The resting foetal heart rates were variable, ranging from 160 to 
320/min, the faster heart rates usually being observed in the more mature 
’ foetuses (Fig. 2); the maternal heart rates were 220-280/min. The anaes-’ 
thetic and experimental procedures probably obscured any direct relation- 
ship between the time of gestation and foetal heart rate; however, in any 
one foetus under observation the heart rate was steady, declining about 
10-20 beats/min during an hour’s experiment. Incision of the uterine wall 
and exposure of the foetus depressed the heart rate by 10-20 beats/min. 
During the administration of 10% O, to the mother for a 5-min period, 
a slight foetal bradycardia was observed; with the administration of 6 % 
O, a reduction in foetal heart rate to 80-100 beats/min occurred within 
3min (Fig. 3). The response of the foetal heart to these low-oxygen 
mixtures was the same in eleven guinea-pigs from the fortieth day of 
pregnancy to term. . 
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The foetal bradycardia observed in the following experiments was 
independent of the integrity of the vagus and represented the response of 
the pace-maker to asphyxia. After the administration of vasoconstrictor 
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Fig. 1. To show that in the guinea-pig near term foetal bradycardia, following the © 
maternal injection of 1-0 wg adrenaline, occurs after 30-45 sec during the decline 
of the maternal blood pressure to the resting level. Time marker, 10 sec. 
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Crown rump length (cm) 
Fig. 2. The relationship between crown-rump length and heart rate of - 
guinea-pig foetuses in utero. 
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substances to the mother, the latent period of the onset of the brady- 
cardia was the same, 30-45 sec, (i) with the uterus intact, (ii) after incision 
of the uterine wall, and (iii) after cutting both vagi of the foetus in the 
neck. The situation was not so clear-cut in the older foetuses. The latent 
period of the bradycardia was the same, but occasionally it was preceded, 
or more often followed, by a tachycardia. A similar cardiac acceleration 
was also observed during the recovery from the maternal administration 


10% 6% 

£ 
Hg 25 
Hg 
<= 


Fig. 3. Guinea-pig foetus, 60 days: to demonstrate that the maternal administration 
(i) of 10% oxygen causes a drop in foetal heart rate of 20 beats/min; (ii) of 6% 
oxygen rapidly causes foetal bradycardia to 100 beats/min. During the adminis- _ 
tration of 10% oxygen to the mother, foetal bradycardia is more readily obtained 
with 2-5 ug adrenaline. This pattern of response to low oxygen tensions is obtained 
from 40 days to term in the guinea-pig and it is concluded that the sensitivity of 
the foetal heart to hypoxia does not alter during this period. 


of 6 % oxygen. Such increases in heart rate are possibly due to a transient 
stimulation of the foetal cardioaccelerator centre or suprarenal medulla 
by the reduced tissue oxygen tension. Paul & Reynolds (1958) have quoted 
similar observations in the sheep foetus near term. 


The influence of gestational age on the occurrence of foetal bradycardia 

following the injection of vasoconstrictors into the maternal circulation 

At the end of the gestation period, from the sixtieth day of pregnancy to 
term (crown-rump lengths over 10 cm) 1-0—2-5 yg adrenaline injected into 
the maternal circulation was the smallest dose which would produce a 
transient foetal bradycardia, to 80-100 beats/min; the mean maternal 
arterial blood pressure rose 25-50 mm Hg, there was visible constriction of 
the uterine arteries and blanching of the uterine wall, and the foetal brady- 
cardia occurred 30-45 sec after the injection, during the decline of the 
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EXPERIMENTAL FOETAL BRADYCARDIA 


maternal blood pressure to its resting level (Fig. 1). Accompanying these 
changes were intermittent movements of the uterine wall and occasionally 
a fall of 1 om H,O from the resting intra-amniotic pressure of 5 cm H,0. 


intra-uterine 


Foetal heart rate (beats/min) 


- b Intra-uterine 


(beats/min) 

3 


3 


Foetal heart rate 


20 ug 
a 
NAd Ad Ad Cord 
10 5 ug 10 wg occl. 
60_ L i i 4 i i J 
8 11 13 15 17 
Time (min) 


Fig. 4. To show that, in : the guinea-pig, the sensitivity of the maternal placental 
vessels to vasoconstrictor drugs increases as gestation advances. (a) 5 wg nor- 
adrenaline in the maternal circulation causes foetal bradycardia only after the 
uterine wall has been opened at 54 days gestation. (b) 10 wg adrenaline in the 
maternal circulation does not cause foetal bradycardia even after the uterine wall 
. has been opened at 47 days gestation ; ~ cord occlusion causes prompt bradycardia. 


From 50 to 60 days gestation (crown-rump lengths 8-10 cm) 2-5 ug 
adrenaline caused foetal bradycardia only after the uterine wall had been 
opened (Fig. 4a) and in still younger foetuses 5-10 yg adrenaline, though 
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causing a rise in maternal arterial pressure of 60mm Hg, did not cause 
foetal bradycardia (Fig. 4b). Neither at these earlier stages of gestation 
was there any visible reduction in size of the uterine arteries nor blanching 
of the uterine wall: occasionally there was a fall in intra-amniotic pressure. 
Eleven pregnant guinea-pigs were studied in the gestational age group 
40-60 days, and sixteen from the sixtieth day of pregnancy to term. Other 
vasoconstrictor drugs, noradrenaline (2-5 g/kg), serotonin (50 pg/kg) and 
ergometrine (25-50 pg/kg), when injected into the maternal blood stream, 
also caused bradycardia of the foetus in utero at the end of gestation only ; 
there was a marked tachyphylaxis after serotonin. Vasopressin (10- 
100 m-u./kg) did not cause foetal bradycardia at any time of the gestation 
period studied. | 

Sensory nerve stimulation was carried out to produce stress in the 
pregnant guinea-pig. In spite of the general excitation caused there was 
rarely even a smali rise in the maternal arterial pressure or reduction of 
foetal heart rate. 

The foetal bradycardia observed in utero at the end of gestation, after 
the administration of any of the vasoconstrictor drugs, was abolished by 
dibenzyline (5 mg/kg, Fig. 5a), which also prevented the spontaneous 
intermittent bradycardia which occurred in some experiments (Fig. 5b). 
Occasionally there was a transient acceleration of the foetal heart rate 
following the injection of adrenaline, which possibly crossed the placental 
barrier when the maternal vessels were unable to contract; adrenaline 
causes foetal tachycardia, following the injection into the vitelline vessels 
of amounts which are equivalent, weight for weight, with those causing 
tachycardia in the adult. In the presence of dibenzyline the maternal — 
arterial pressure did not respond to the injection of adrenaline, nor- 
adrenaline, serotonin, or ergometrine, and there was no reduction in 
calibre of the uterine arteries or blanching of the uterus; the responses of 
the uterine muscle to these drugs and to oxytocin were unaltered. The 
absence of a fall in arterial pressure with adrenaline after dibenzyline 
suggests that, as in the rabbit (Nickerson, 1949), this drug produces no 
dilator action in the guinea-pig; Nickerson also observed that dibenzyline 
did not influence uterine responses. 


The occurrence of foetal bradycardia following the maternal 
injection of oxytocin 
Oxytocin 50 m-u./kg, although causing activity of the uterine muscle 
and intra-amniotic pressure swings of 5 cm H,O, did not cause slowing of 
the foetal heart at any gestational age (Fig. 6); larger doses caused greater 
activity of the uterine muscle, with intra-amniotic pressure swings of 
10-15 cm H,0 and frequently an intermittent slowing of the foetal heart, 
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which might or might not be in phase with the rise in intra-amniotic 
pressure. s< daammuaatieg was used in twelve experiments and Pitocin in five. 
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Fig. 5. Dibenzyline (D) prevents foetal bradycardia in the guinea-pig near term _ 
(a) following the injection of vasoconstrictor substances (serotonin, 8) into the 
maternal circulation or (b) that arising spontaneously. | 


The influence of oestrogen and progesterone, at different gestation ages, on the 
occurrence of foetal bradycardia following the injection of adrenaline into the 
maternal circulation | 
The sensitivity of the uterine vessels to vasoconstrictor substances was 
determined by finding the smallest dose which, after injection into the 
maternal circulation, would cause a transient foetal bradycardia to 
80-100 beats/min. The findings after the injection of hormones were 
compared with those discussed above, in which the effect of gestational age 
alone was studied. | 
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Large doses of oestrogen are known to terminate pregnancy in a number 
of species, and in the present series of experiments three out of fourteen 
litters were dead 24 hr after the administration of the hormone. Oestrogen 
sensitized the maternal placental vessels to adrenaline, in the eleven 
animals studied at gestational ages from 40 days to term, 0:1—0-25 pg 
causing a transient foetal bradycardia. Progesterone also increased the 
sensitivity of the uterine vessels to adrenaline, but at the end of gestation 
only, from the sixtieth day of pregnancy to term; Fig. 7 shows the brady- 
cardia in a 64-day-old foetus following the maternal injection of 0-25 yg 
adrenaline. Five animals were studied between the gestational age of 
40 and 60 days and five from the sixtieth day of pregnancy to term. There 
were eleven and eighteen guinea-pigs in the corresponding control groups; 
in two of the latter group the uterine arteries were as sensitive to adrenaline 
as after hormone administration. 


DISCUSSION 


In these experiments the response of the uterine vessels to vasocon- 
strictor substances has been studied, and therefore the uterine blood flow 
should have been measured. However, this is difficult and an indirect 
method has been employed to demonstrate a decrease in blood flow, 
namely asphyxial slowing of the foetal heart; there are no observations 
which correlate changes in uterine blood flow with the degree of foetal 
bradycardia, but a gradual fall in foetal heart rate occurs as the maternal 
arterial oxygen tension is progressively lowered. In our experiments the - 
rate fell to 80-100 beats/min, the same rate as that produced by total — 
occlusion of the uterine arteries or the umbilical cord. It must be assumed, 
therefore, that the uterine blood flow was temporarily severely reduced by 
the vasoconstrictor substances studied. This is probably the reason why 
adrenaline is not transferred across the placental barrier from the mother to 
the foetus, though the evidence is indirect and not derived from esti- 
mations of foetal blood levels. 

The present results confirm the previous observations that the transient 
foetal bradycardia following the maternal injection of vasoconstrictor 
substances is due to asphyxia consequent upon a reduction in maternal 
placental blood flow (Dornhorst & Young, 1952), for no increase in intra- 
amniotic pressure was ever observed and the maternal administration of the 
adrenergic blocking substance dibenzyline prevented the foetal brady- 
cardia. The local movements of the uterine wall were also absent in the 
presence of dibenzyline and it is probable that these local contractions 
were induced by the asphyxia resulting from the reduction in uterine 
blood flow. Vasopressin did not cause foetal bradycardia in the guinea- 
pig, though Bengtsson (Smyth, 1958) has observed intraplacental 
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Fig. 6. Oxytocin injected into the maternal circulation in a moderate dose did not 
alter the foetal heart rate (guinea-pig 64 days); the uterine contractions caused 
fluctuations of 5 mm Hg in the intra-amniotic pressure. - 
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Fig. 7. Progesterone sensitizes the uterine vessels to adrenaline at the end of 
gestation in the guinea-pig. 10mg progesterone was given 24 hr before the 
experiment, and 0-25 yg adrenaline in the maternal circulation caused foetal 
bradycardia to 80 beats/min; in the control animal of the same age 2°5 wg adrenal- 
ine was needed to cause equivalent bradycardia. 
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haemorrhages in the rabbit following the maternal injection of larger doses 
of vasopressin; he also recorded a slowing of the foetal het rate in non- 
viable human foetuses after the administration of vasopressin to the mother. 
Reynolds & Paul (1955) observed foetal bradycardia in the sheep 
following the injection of large doses of oxytocin causing similar changes in 
intra-amniotic pressure as those observed in the present experiments. 
Assali, Dasgupta, Kolin & Holms (1958) have recorded a decrease in 
uterine blood flow in the pregnant dog, following the injection of oxytocin. 
It has also been observed that when the foetus is exposed the uterine 
muscle contracts away from the incision towards its mesenteric border, 
round the entry of the blood vessels into the uterus, and probably causes 
a reduction in uterine blood flow and foetal asphyxia. This is suggested by 
the observations that (i) the control heart rate is usually 10-20 beats/min 
slower than when the uterine wall is intact and (ii) that slowing of the 
foetal heart to 80-100 beats/min can be produced with smaller doses of 
adrenaline in the maternal circulation than when the foetus is in utero. 


Sensitivity of the foetal heart to hypoxia during gestation 

Greenfield & Shepherd (1953) have also observed in the guinea-pig that 
the administration of low-oxygen mixtures to the mother caused the same 
pattern of changes in the foetal heart rate at all stages of gestation. The 
readiness with which, at the end of the gestation period, foetal bradycardia 
_ occurs following the administration to the mother of vasoconstrictor drugs 
is therefore not due to an increased sensitivity of the foetal heart to 
hypoxia. This is in keeping with the findings (i) that foetal oxygen con- 
sumption is about 5 ml./kg/min throughout gestation (Acheson, Dawes & 
Mott, 1957); Assali, Rauramo & Peltonen, 1960); and (ii) that as the 
umbilical blood flow increases with gestational age, the volume flow which 
lays down a unit weight of foetal tissue remains constant throughout 
intra-uterine life (Greenfield, Shepherd & Whelan, 1951). 

A slight reduction in foetal heart rate was observed during the inhalation 
of O, 10% in nitrogen by the mother, and assuming that there was only a 
small alteration in maternal placental blood flow it might be predicted that 
the foetal oxygen supply was approximately halved. It is, therefore, sug- 
gested that no slowing of the foetal heart was observed, following the 
intravenous injection of vasoconstrictor substances into the mother, until 
the maternal placental blood flow had been reduced by at least 50%. 
During the administration of O, 10% to the mother slowing of the foetal 
heart to 80-100 beats/min can be produced by smaller doses of adrenaline 
into the maternal circulation than while she is breathing air; a smaller 
reduction in maternal placental blood flow and therefore of oxygen supply 
is required to bring about bradycardia in a foetus which is already hypoxic. 
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During the administration of oxygen 6 % in nitrogen to the mother the 
foetal heart rate dropped suddenly to 80-100 beats/min, the lowest level 
observed during the transient bradycardia in response to the maternal 
administration of vasoconstrictor drugs. This heart rate possibly repre- 
sents the value characteristic of the activity of the pace-maker during 
short periods under practically anaerobic conditions, for it is the rate 
observed when the umbilical cord is clamped. 


The influence of the ovarian hormones on the sensitivity of the 
— maternal placental vessels to vasoconstrictor drugs 

As the ovarian hormones control the vascularity of the reproductive 
organs, it is reasonable to suppose that they might also influence the 
response of the placental vessels to various substances, including other 
hormones. Since there is no information about the blood concentration 
and excretion rates of oestrogenic and luteal hormones during pregnancy 
in the guinea-pig, the following discussion is only speculative. 

It is known that the plasma concentration of progesterone increases at 


the end of pregnancy in man (Short & Eton, 1959) and it is possible that 


a rise in circulating progesterone may be responsible for the increased 
sensitivity of the maternal placental vessels to vasoconstrictor drugs 
observed at the end of pregnancy in the guinea-pig. Indirect support for 
this hypothesis comes from the experimental finding that the administra- 
tion of additional progesterone to the mother at this time enhances still 
further the activity of vasoconstrictor drugs on the maternal placental 
vessels. The mode of action of progesterone under these circumstances may 
be similar to that suggested by Lavollay & Neumann (1949) for the 
potentiating influence of progesterone on adrenaline in reducing capillary 
permeability ; the rate of auto-oxidation of adrenaline is decreased by pro- 
gesterone, and ascorbic acid, tochopherol and adrenocorticotrophic 
hormone each have a similar effect. The electrolyte changes brought about 
by progesterone may also play a part in altering the response of the vessels 


~ to vasoconstrictor substances (Vick, Ederstrom & Vergeer, 1956). 


_ The sensitization of the maternal blood vessels by progesterone and by 
oestrogen cannot be general in the guinea-pig, for the arterial blood-pressure 
responses remained normal. Mastboom & Horsten (1956) obtained similar 
results in the rabbit, but Lloyd (1958) observed systemic changes in sensi- 
tivity as well as local changes in the mesenteric vessels of the rat with both 
progesterone and oestrogen. 


Possible clinical significance of results 


Foetal bradycardia which cannot be explained by mechanical changes 
within the uterus is frequently observed in the full-time infant, and the 
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results reported in the guinea-pig suggest that a reduction in maternal 
placental blood flow, due to hormonal influences, is most likely to occur as 
term approaches. There is some evidence for an increased production of 
sympathetic amines duriny difficult labour: Garcia & Garcia (1955) 
showed that ‘epinephrine-like substances’ are readily demonstrable in 
patients’ plasma during painful and inert labours, and Gemzell, Robbe & 
Strém (1956) found an increased excretion of catechol amines in two cases 
with post-partum haemorrhage; normal labour did not influence either the 
blood levels or the excretion rates of sympathetic amines. If an increased 
production of vasoconstrictor substance by the mother during difficult 
labour proves to be the cause of the reduction in maternal placental flow, 
then dibenzyline may provide one means of preventing this and its 
consequences for the infant. 

If one of the causes of toxaemia of pregnancy proves to be an unbalance 
in the production of oestrogenic and luteal hormones, as suggested by 
Smith & Smith (1938), then these authors’ conception of this unbalance 
as a cause of vascular derangement, and particularly of an increased 
sensitivity of the maternal placental vessels to vasoconstrictor substances, 
would have some support. In both the present work on guinea-pigs and 
that of Lloyd (1958) on the rat excess of either hormone appears to 
sensitize the maternal blood vessels to constrictor drugs. 


SUMMARY 
1. A transient foetal bradycardia, following the injection into the _ 


guinea-pig only at the end of the gestation period, from the sixtieth day 
of pregnancy to term (67,days). Adrenaline, noradrenaline, serotonin and 
ergometrine were effective, vasopressin was not. 

2. The foetal bradycardia was due to the reduction in maternal placental 
blood flow, with consequent intra-uterine asphyxia; it’ was prevented by 
dibenzyline. 

3. The readiness with which foetal bradycardia can be produced at the 
end of pregnancy is not due to the increased sensitivity of the foetal heart 
to low oxygen tensions, for the same pattern of response following the 
administration of low-oxygen mixtures to the mother was obtained at all | 
stages in the gestation period studied, from the fortieth day of pregnancy 
to term. 

4. The maternal uterine and sieomthi vessels are sensitized hormonally 
to the influence of vasoconstrictor substances at the end of the gestation 
period. Oestrogen administration to the mother increased the sensitivity 
_ of the maternal uterine and placental vessels from the fortieth day, and 


‘maternal circulation of a vasoconstrictor substance, was obtained in the  - 
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progesterone administration from the sixtieth day of the pregnancy ; there 
was no concurrent alteration in the response of the systemic arterial blood 
pressure to vasoconstrictor drugs. 


5. Foetal bradycardia also occurs following tle maternal injection of 
large doses of oxytocin, which increase intra-uterine pressure. 
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THE OUTPUT OF ADRENALINE AND NORADRENALINE 
FROM THE ADRENAL MEDULLA OF THE CALF 


By MARIAN SILVER 
From the Physiological Laboratory, University of Cambridge 


(Received 1 September 1959) 


The adrenal medulla contains both adrenaline and noradrenaline but 
their proportions vary considerably in different species: from 99-100% 
adrenaline in the rabbit to 20-30% in the whale (for references see von 
Euler, 1956). In the cat and dog, stimulation of the glands leads to the 
liberation of adrenaline and noradrenaline in approximately the same 
proportions as in the medulla (Lund, 1951; Outschoorn, 1952; Vogt, 1952; 
Rapela, 1956; Butterworth & Mann, 1957), but it is not certain whether 
a similar parallel between output and content occurs in other species. 

In contrast with the wide variation in the relative and absolute pressor 
amine content of adult adrenal glands, foetal adrenal medullary tissue 
contains primarily noradrenaline (Shepherd & West, 1951; West, Shepherd, 
Hunter & MacGregor, 1953). There is a gradual increase in the percentage 
of adrenaline with age, but the adult stage may not be reached until some 
months or even years after birth (Holton, 1951; Shepherd & West, 1951; 
Hokfelt, 1952; West et al. 1953). It seemed of interest to study the output 
of pressor amines from the adrenal glands of young animals of various 
ages, and to determine whether the change in the proportion of adrenaline 
in the glands was accompanied by any similar changes in output. Pre- 
‘liminary experiments on the lamb (Comline & Silver, 1958) showed that, 
in this species, the major increase in the proportion of adrenaline in the 
adrenal glands occurred in utero.. During the latter part of pre-natal life 
there was an increase in the proportion of adrenaline released during 
splanchnic nerve stimulation, which paralleled the rise in the percentage 
of this amine in the glands. The present work is concerned with similar 
experiments on the post-natal development of adrenal medullary function 
in the calf, a preliminary account of which has already been published 
(Silver, 1954). 

METHODS 


Male Jersey calves from 3 hr to 220 days, and adult cows of the same breed aged 2-3 years, 
were used in these experiments. Food was withheld from the young animals on a milk diet 
on the morning of the experiment; from weaned animals, solid food, but not water, was 
withdrawn for 36-48 hr before the experiment. 
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Anaesthesia was induced in the calves by ethyl chloride and ether and thereafter main- 
tained by intravenous chloralose (50 mg/kg). The adult cows were anaesthetized by the 
intravenous injection of Na pentobarbitone (10 mg/kg). 

The left adrenal giand was prepared for the collection of adrenal effluent blood. It was 
exposed by a flank incision, and in the young calf its dissection was facilitated by removal 
of the last rib. In all animals the left kidney was removed, and after cannulation of the renal 
vein, blood from the adrenal gland was diverted backwards into the cannula by means of a. 
Blaylock clamp placed across the junction of the renal vein with vena cava, just medial to 
the entrance of the very short adrenal vein. Coagulation of the blood was prevented by — 
intravenous heparin (1000 i.u./kg.). The adrenal effluent blood was returned to the general 
circulation through an external circuit of polythene tubing connected via a drop chamber 
to the femoral vein. The left splanchnic nerve was exposed and cut as close as possible to its 


point of emergence through the diaphragm, thereby leaving 3—4 cm of the peripheral end 


free for stimulation. In all experiments blood pressure was recorded from the carotid 
artery to check the efficacy of splanchnic nerve stimulation. 

Adrenal effluent blood. Samples of about 20 ml. were collected through a side arm inserted 
as close to the renal-vein cannula as possible. The sampling time varied from a half to 1 min 
in the cows and from ? to 2 min in the calves, depending on the rate of blood flow, and there 
was no evidence that pressor amine output changed during this time; in any one animal 
the sampling period was kept constant. A resting sample of adrenal blood was taken at the 
beginning of each experiment about 30 min after the left splanchnic nerve had been cut; 


subsequent samples were taken during periods of stimulation starting 15-30 sec after the 


onset to allow for the dead space. When the splanchnic nerve was stimulated continuously 
for 40 min, blood samples were collected at intervals during this period. Siliconed glass- 
ware was used throughout, and after collection the blood was immediately centrifuged on 
ice. 
Stimulation of the peripheral end of the left splanchnic nerve with platinum electrodes 

was carried out either from a Palmer induction coil (frequency ca./80 sec) or by condenser 

discharges at either, 5, 10 or 30/sec; the stimulus strength was always adjusted to give a 

maximal increase in blood pressure on splanchnic nerve stimulation. No special precautions 

were taken to prevent polarization of the electrodes or deterioration of the nerve, but. neither 

of these factors appeared to be affecting the response, since the frequent removal of the elec- 

trodes from the nerve for a few seconds (ensuring depolarization) and changing their position 

along the length of the nerve did not cause any increase in the blood-pressure response. 

Acetylcholine (1-3 mg) was given by close arterial injection into the anterior mesenteric 
artery. The coeliac artery was tied previously and the aorta occluded caudal to the left 
adrenal gland during the period of injection. Administration of atropine sulphate (0-2 mg/ 
kg i.v.) before each acetylcholine test prevented all cardiovascular effects of any acetyicho- 
line reaching the general circulation. The dose of acetylcholine varied with the age of the 
animal: 1 mg induced a maximal response in calves under 1 week of age, 3 mg was given to 
calves of 1-3 months. | 

Adrenal glands, ‘Phe adrenaline and noradrenaline content of the adrenal glands of 
calves of different ages was determined from the right gland, which was removed at the end 
of each experiment. In those animals subjected to prolonged splanchnic nerve stimulation 
both glands were removed immediately after the end of stimulation. No glands were used 
for pressor amine estimations after acetylcholine injections. 

Adrenaline and noradrenaline were separated chromatographically before estimation, by 
the method of Crawford & Outschoorn (1951) as modified by Vogt (1952). 5-7 ml. samples of 
plasma were used for ‘extraction, and after the final evaporation of the eluates from the 
chromatograms the amines were taken up in 1 ml. NaCl 0-9 % (w/v). The adrenal glands 
were ground with sand and 0-1N-HCl, 10 ml. acid/g tissue; 1 ml. samples of the homogenate 
were used for extraction. In the majority of experiments the final eluates from plasma and 
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adrenal tissue were assayed biologically, either by the blood-pressure response of the anaes- 
thetized rat given atropine and hexamethonium to increase the sensitivity (Outschoorn, 
1952), or by the inhibition of carbachol-induced contractions of the isolated rat uterus 
(Gaddum & Lembeck, 1949). In general four-point assays were carried out on each sample. 
t-Adrenaline-HCl or bitartrate and L-noradrenaline bitartrate were used for the preparation 
of standard solutions and the quantities are expressed as weights of base. No systematic 
search for other pressor amines or their derivatives was made, but several chromatograms 
of plasma and adrenal tissue were analysed by assaying the eluates from paper strips taken 
at levels other than those corresponding to adrenaline and noradrenaline ; no pressor activity 
was found in these samples. 

Recently the fluorimetric method of von Euler & Floding (1955) has also been employed 
for catechol estimation, after chromatographic separation and elution of the amines. 
When compared with biological assay in a series of analyses of adrenaline and noradrenaline 
in plasma, with twelve random samples of each, there was no consistent difference between 
the results obtained by the two methods of estimation. Mean figures for each series were 
(ug/ml.): noradrenaline 1-16 (assay and fluorimetry), mean difference 0-005 + 0-06 ; adrenaline, 
1-30 (assay) and 1-31 (fluorimetry), mean difference 0-01 + 0-03. From this series of analyses 
the fluorimetric method appears to be unbiased; a detailed statistical investigation into 
the comparative reliability of fluorimetry and biological assay for the estimation of pressor 
amines will be presented elsewhere. 


RESULTS 
Adrenaline and noradrenaline in the adrenal glands 


’ Preliminary experiments showed that the adrenaline and noradrenaline 
concentrations of the right and left unstimulated adrenal glands of the 
calf were indistinguishable. The right adrenal, which remained intact 
during the course of these experiments, was therefore used to examine the 
changes in content and proportions of the two amines at different ages. 
It was assumed that the right gland would be unaffected by stimulation 
of the left splanchnic nerve, and that the slight depletion due to endo- 
genous splanchnic discharge during the course of the experiment (Elmes 
& Jefferson, 1942) would be small compared with the high amine concentra- 
tion in the medulla. | 

The results given in Table 1 show that there is an increase in the con- 
centration of adrenaline and a fall in that of noradrenaline during the 
2nd week of life with a consequent increase in the proportion of adrenaline 
during this period. However, when the results are expressed as total 
amounts of amines per adrenal gland (Fig. 1), it is seen that the noradrena- 
line content remains constant throughout the period investigated, whereas 
the adrenaline content rises from the second week onwards. The discrep- 
ancy between the figures for pressor amine concentration (Table 1) and 
those for total glandular content (Fig. 1), can presumably be ascribed to 
the more rapid growth of the adrenal cortex relative to the medulla 
in the growing calf. ? 
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TABLE 1. Change in adrenaline and noradrenaline concentration 
in the adrenal glands with age 


Mean pressor amine 
concentration (mg/g 


Mean adrenal tissue) 
Number adrenal ~ Mean % 
of weight Noradre- | adrenaline 
Age animals (g) naline Adrenaline +5S.E. 
irth—1 10 16 0-86 0-91 51+1-7 
6 1-8 0-53 < O01 
4-5 3 1-9 0-65 1-54 71 
11 2 2-4 0-67 1-5 69 
15-18 4 3-7 0-5 1-49 75 
Cow (2-3 yr) 
Non-pregnant 4 9-9 0-42 1-22 75 
ant 3 12-2 1-07 79 
60r 
bo 
: 


1 2 345 7 101318 30 
Age in weeks (log. scale) 


Fig. 1. The change in the total amount of adrenaline and noradrenaline in the 
adrenal glands of the calf with age; logarithmic time scale. @, mg noradrenaline/ 
gland; ©, mg adrenaline/gland; , regression line fitted by the method of 
— Jeast squares from data from animals of over 10 days of age; dependent variable, 
glandular content of adrenaline (regression coefficient = 3-59+0-59, P < 0-001). 


Adrenaline and noradrenaline in the adrenal effluent blood 
Resting level of secretion from acutely denervated gland 


This is summarized in Table 2. The amounts secreted were always small 


and the proportion of adrenaline to noradrenaline in the effluent blood 
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corresponded approximately to that found in the gland, the percentage of 
adrenaline increasing after the first week of life. When expressed as pg/kg 
body weight/min the total resting output in the older calves was com- 
parable with that found by Dunér (1953) and Rapela (1956) using the 
acutely denervated adrenal glands of the cat and dog, respectively. 


Taste 2. Resting level of secretion from calf adrenal medulla: splanchnic 
nerve cut $ hr previously 


Mean rate of secretion of pressor 
amines into adrenal effluent blood 


Number Noradre- Adrene Total 
of naline 


line output Mean % 
Age (weeks) animals (yg/min) (g/min) (ug/kg/min) adrenaline + 8.E. 
Birth-1 ae 0-65 0-55 0-047 44+6-119.05 > P > 0-02 
2-5 8 0-24 0-45 0-027 66+7°5 
8-30 8 0-23 0-75 0-017 1547-5 P> 01 


TABLE 3. Rate of output of pressor amines from the adrenal medulla during 4-2 min 
stimulation of the peripheral end of the splanchnic nerve © 


‘Mean rate of pressor amine output 


Mean % 


(4g/min +8.E.) (pg/kg body. wt./min) adrenaline 

No. of Noradrena- Noradre- Adrena- Effluent Right 

Age animals line Adrenaline line line blood = gland 
Ist 24 hr 5 1-2+0-25 3°2+ 0-80 0-07 0-15 73 51 
1 week 13 7041-3 5-0+1-0 0-27 0-20 42 51 
3 weeks 8 15+3-6 8-1+1-2 0-67 0-39 36 66 
4-5 weeks 7 17+2-2 11+0-54 0-60 0-43 41 71 
7 weeks 4 18+5-°8 13+2-0 0-63 0-45 42 — 
11 weeks 3 30 29 0-66 0-61 49 69 
15-18 weeks 5 32+8°8 39 +8-5 0-42 0-55 54 75 
30 weeks 4 3147-3 39+3-9 0-30 0-48 56 — 

Cow 2-3 yr 
Non-preg- 3 23 60 0-055 0-14 - 72 75 
nant 

Pregnant 5 17+4-7 45+9-0 - 0-045 0-13 73 79 


Level of secretion during splanchnic nerve stimulation. Short period of 
stimulation (4-2 min) 

Induction coil (ca. 80/sec). The mean rates of pressor amine secretion 
from the adrenal medulla during splanchnic nerve stimulation in calves of 
different ages and in the adult are given in Table 3. The rate of output of 
both amines increased with age, but this rise in the level of adrenal medul- 
lary secretion was not directly related to general body growth, since the 
major increases in pressor amine output occurred during the first few 
weeks of life, at a time when changes in body weight are negligible. Hence 
an even larger initial increase in adrenaline and noradrenaline output is 
found when the data are calculated as g/kg body weight/min (Table 3). 
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Noradrenaline output was higher than that of adrenaline in calves 
from $ to 7 weeks of life, while after 15-18 weeks the same type of stimu- 
lus released larger amounts of adrenaline. Comparison of individual 
observations showed that both these differences were statistically signifi- 
cant (P = 0:01). 

In the adult the rate of noradrenaline secretion was considerably lower, 
_and that of adrenaline higher, than in calves of 15-30 weeks. The dif- 
ferences between pregnant and non-pregnant animals (Table 3) were 
negligible when the data were calculated as wg/kg body wt./min. 

The contrast between adrenal medullary secretion in the calf and in the 
adult is emphasized when the figures for percentage adrenaline in the 
effluent blood are compared with those for the glands (Table 3). In the 
adult the two values are almost equal, while in all calves tested after 
24 hr from birth the percentage of adrenaline in the effluent was much 
lower than that in the gland. This very striking difference between the 
_ proportions of the two amines released and their proportions in the gland 
seemed to be due almost entirely to the unexpected increase in the rate of 
noradrenaline output with age, which was difficult to reconcile with the 

constant total amount of this amine in the glands throughout the period 
investigated (Fig. 1). Further experiments were therefore carried out to 
study the factors concerned in the high noradrenaline output in the calf, 
- and to determine whether such a level of secretion could be maintained 
for long periods of stimulation. 

Comparison between stimulation at ca. 80/sec and at lower rates. The rate 
of stimulation employed in the preceding experiments was ca. 80/sec, and 
since the probable maximum rate of endogenous splanchnic nerve dis- 
charge is considerably lower than this (Celander, 1954; Rapela, 1956), the 
secretions obtained with three low frequencies of stimulation (5, 10 and 
30/sec) were also studied. The different frequencies of stimulation were — 
applied in random order; the rest period between successive tests was 
_ 15-20 min. Four calves of 3-4 weeks old were used for this series since it 
was at this age that the divergence between glandular content and output 
was greatest. 

The proportions of the two amines released by nervous stimulation were 
not affected by the rate at which the splanchnic nerve was made to dis- 
charge (Fig. 2). However, the rate of both adrenaline and noradrenaline 
output rose with frequency of stimulation to a maximum at 30 stimuli/ 
sec. Rapela (1956) also found that in the adult dog stimulation at 40/sec 
gave a bigger response than either 10/sec or 160/sec, but he reports a 
significant increase in the percentage of noradrenaline. 

Comparison between the effect of acetylcholine and nerve stimulation. The . 
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acetylcholine in four calves aged 3-4 weeks were compared with the re- 
sults obtained with different rates of nerve stimulation. It will be seen 
from Fig. 2 that acetylcholine resulted in the output of a very much 
larger amount of noradrenaline than any frequency of nerve stimulation. 
The proportion of adrenaline in the effluent blood after acetylcholine was 
only 22%, compared with 40-44% oe splanchnic stimulation and 
70 % in the glands. 

| 22% 
(4) 


T 


40%, 
(18) 


T 


435% 
(9) 


= 


445% 


43% 
3) 
| 


S/sec 10/sec 30/sec ca. 80/sec* ACh 
(3 mg) 


T 


w 


Mean output of pressor amines (gg/min) 


Frequency of stimulation 


Fig. 2 Monit: output of pressor amines from the adrenal glands of calves aged 3- 
4 weeks, obtained during nerve stimulation with different frequencies, and after 
the intra-arterial injection of acetylcholine: [] adrenaline; ™, noradrenaline; 
mean % adrenaline given above each histogram ; number of observations in paren- 
thesis. * Induction coil. 


Prolonged stimulation (induction coil) 

Continuous stimulation. The course of adrenal medullary secretion dur- 
ing 40 min continuous splanchnic nerve stimulation was followed in calves 
of different ages and in three adults. The mean values for adrenaline and 
noradrenaline output in each age-group are plotted against duration of 
stimulation in Fig. 3: the changes in the proportion of adrenaline in the 
effluent blood are shown in the upper part of each graph. In the first 
few days of life (Fig. 3a) the initial output of both amines was very low 
and showed no marked changes during the period of prolonged stimulation. 
In all other groups of calves and in the adult animals the levels of both 
_ adrenaline and noradrenaline decreased with continuous splanchnic 
stimulation; the higher the initial rate of secretion, the greater was the 
fall in rate of output during the 40 min period. But whereas in the adult 
the output of both amines declined at the same rate, in the calves the 
output of noradrenaline fell more quickly. This fall was greatest in the 
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first 10 min of stimulation and after 40 min the output had dropped to 
one third of the initial level. In contrast, the adrenaline secretion changed 
little during the first 25 min of stimulation, but fell more quickly during 
the last 15 min (Fig. 3b-e). These changes are reflected in the proportion 
of adrenaline secreted during the stimulation period. 


(a) 70 70 () 470 
aia 
30 F 50 Fx 50 
™, 440}. +40 440 
20+ 430+ 430 +30 = 
= -O-- 
l ] l 1 So 
010 25 4 00 25 4 §& 
= 


010 25 40 010 25 40 010 25 40 
Duration of stimulation (min) 


Fig. 3. Mean output of pressor amines from the bovine adrenal gland during pro- 
longed splanchnic stimulation (induction coil), @, noradrenaline; ©, adrenaline; 
x, % adrenaline. Calves (a) under 1 week (9 animals); (6) 2-3 weeks (6 animals); 
(c) 4-5 weeks (5 animals); (d) 7—-11 weeks (6 animals) ; (¢) 15-30 weeks (9 animals). 
Cows (f) 2-3 years (3 animals). 


In the adult the proportion of adrenaline in the effluent blood remained 
constant at 73-75%, which is close to the corresponding values for adre- 
nal glands. In the young animals the proportion of adrenaline rose by 
13-20 %, the major increases in all groups occurring during the first 10 min 
of stimulation (Fig. 3b-e). Therefore, although the percentage of adrena- 
line in the blood initially was about 20-30 % lower than that in the glands, 
the final values after 40 min stimulation were only 5-10 % lower. 

Intermittent stimulation. A similar change in the proportions of the two 
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amines in the adrenal effluent blood was found when an interval of 15- 
20 min occurred between brief periods of stimulation. The mean rates of 
adrenaline and noradrenaline secretion and the corresponding figures for 
the percentage of adrenaline, shown in Fig. 4, are similar to those obtained 
during continuous stimulation in calves of comparable age (Fig. 30, c). 
The rise in the percentage of adrenaline which occurred with each suc- 
cessive stimulation was due primarily to a fall in noradrenaline output 


Successive stimuli 
_ Fig. 4. The mean output of pressor amines from the adrenal glands of calves aged 
3~4 weeks, during intermittent stimulation of the splanchnic nerve. Duration of 
stimulation }-2 min applied at 15-20 min intervals; rate of stimulation = 30 and 
ca, 80/sec, applied in random order. Each point represents a mean value for three 
or more observations. Symbols as for Fig. 3. 
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while the rate of adrenaline secretion, after a slight initial increase, re- 
mained relatively constant. 

The amount of noradrenaline in the adrenal glands of the calves used in 
the preceding experiments was low compared with the adrenaline concen- 
tration (Fig. 1), and therefore it was important to determine whether lack 
of noradrenaline could be responsible for its rapid decline in output during 
prolonged stimulation. However, when the content of the left adrenal 
glands was investigated it was found that considerable amounts of both 
amines were still left after 40 min continuous stimulation; the mean level 
of noradrenaline was 0-98 mg/gland, while the adrenaline levels varied 
with age from 1-12 to 3-76 mg/gland. 


Effect of acetylcholine given before and after a period of prolonged splanchnic 
nerve stimulation 


The results given in the preceding section showed that the pressor 
amines in the adrenal medulla were by no means exhausted by 40 min 
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continuous stimulation of the splanchnic nerve, yet the output of both 
amines fell during this period. It was possible that not all the amines 
in the medulla were immediately available for release and that the decline 
in output reflected this. Alternatively a progressive failure in transmission 
would explain the changes in output. In the latter event direct excitation 
of the medulla with acetylcholine at the end of a period of prolonged nerve 
stimulation should restore the original secretory levels. Experiments were 
_ accordingly performed to test this possibility. 


Splanchnic nerve stimulation 
(!) (Hl) (it!) 
53% 

76% 

> 10+ 

| 
| 

| 
intra-arterial acetyl! choline 

‘5 30F 

(itt) 

5 

re) 

34% 

10 = 30% — 
38% j 


40 40 40 
Fig. 5. Comparison between the effects of splanchnic nerve stimulation (above) 
and of intra-arterial injection of 1-3 mg acetylcholine (below), before and after a 
40 min period of continuous nerve stimulation («-40—>). J, mean initial output and 
F, final output of pressor amines; [), adrenaline; @, noradrenaline. Mean % of 
adrenaline is given above each histogram: for further details see text. 


The left adrenal gland was again subjected to 40 min continuous stimu- 
lation and the output of adrenaline and noradrenaline obtained at the 
beginning and end of this period was compared with the response elicited 
by the intra-arterial injection of acetylcholine given before and immedi- 
ately after the stimulation period. Three groups of three calves, aged 
(i) under 1 week, (ii) 3-4 weeks, and (iii) 8-12 weeks, were used in these 
experiments. The mean levels of secretion obtained in each group are 
given in Fig. 5. | — 

The results with prolonged splanchnic stimulation, shown in the upper 
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part of Fig. 5, are typical of those obtained in the previous experiments, 
with noradrenaline output falling to a greater extent than that of adrena- 
line. Acetylcholine, on the other hand, induced the secretion of large 
amounts of noradrenaline both before and after prolonged splanchnic 
stimulation. The high proportion of noradrenaline released initially by 
acetylcholine in all three groups confirmed the results obtained previously 
with 3—4 weeks old calves (see Fig. 2). However, in-the present experi- 
ments, involving animals of widely differing ages, the absolute levels of 
noradrenaline secreted varied considerably; in groups (i) and (ii) acetyl- 
choline was a far more effective stimulus for noradrenaline release than 
nerve stimulation, while in the oldest group of calves the response to acety!- 
choline was small compared with the effects of splanchnic discharge. De- 
spite these variations in absolute levels, the percentage of adrenaline in 
the effluent blood after acetylcholine was considerably lower in all groups 
than that obtained with nerve stimulation. At the end of the 40 min period 
of continuous stimulation acetylcholine, in contrast to splanchnic nerve 
stimulation, released as much adrenaline and noradrenaline as at the begin- 
ning. These results indicate that in glands previously subjected to pro- 
longed splanchnic discharge both adrenaline and noradrenaline were 
available for release and suggest that the fall in output obtained with 
continuous splanchnic stimulation was due to a gradual failure in 
transmission. 


DISCUSSION 


An increase in the percentage of adrenaline in the adrenal glands with 
age has been found in the calf, confirming previous reports on this and 
other species by Holton (1951), Shepherd & West (1951) and Hékfelt 
(1952). The increase, from 51°% at birth to 77% in the adult, occurred 
early in post-natal life, and was brought about by a rise in the total amount 
of adrenaline in the glands while the noradrenaline content remained un- 
changed. The adrenal glands were not removed until the end of the experi- 
ment, and hence any losses due to endogenous splanchnic discharge during 
2-3 hr anaesthesia could not be gauged. However, all studies on the 
pressor amine concentration of adrenal glands necessarily involve either 
anaesthesia or rapid killing before the glands can be removed, and the 
sympathetic discharge accompanying these procedures may well induce 
large adrenal medullary losses. 

The development of adrenal medullary function in the calf, as judged by 
the response to splanchnic nerve stimulation, lagged behind the changes in 
content. Thus, immediately after birth the medulla was comparatively 
unresponsive to stimulation despite the presence of apparently adequate 
amounts of both amines in the glands. Nervous stimulation elicited a 
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response which was only 2-3 times the resting level of secretion, whereas 
a week later a twentyfold increase in output was obtained under similar 
conditions without any changes in glandular content. 

In the older animals the proportion of noradrenaline in the adrenal 
effluent blood during stimulation was higher than that in the glands. This 
was a constant finding in calves from 1 to 30 weeks, and although the 
increase in glandular adrenaline with age was to some extent paralleled by 
a corresponding rise in adrenaline output, this relationship was obscured 
by the anomalous production of noradrenaline. In lambs no phase ana- 
logous to this was found either pre- or post-natally (Comline & Silver, 
1958); the major increase in the percentage of adrenaline in the glands 
occurred in the foetus, but, in contrast to the calf, this change was closely 
paralleled by a rise in the proportion of adrenaline secreted on splanchnic 
stimulation. | 

In the few species in which adults have been studied a slightly greater 
proportion of noradrenaline is liberated on stimulation than is found in the 
gland, although some of the early work on the cat is at variance with this 
(see von Euler, 1956). In the cow this difference was only 4-6 % and was 
negligible compared with the discrepancy of 20-30 % in the calf. Neverthe- 
less, the fact that a high proportion of noradrenaline has been found in 
the effluent blood of other species suggests that the phenomenon in the calf 
portrays a developmental phase which persists, to a limited extent, in adult 
life. 

More detailed analysis of the response to splanchnic stimulation in calves 
showed that the characteristically high output of noradrenaline was 
obtained only during the initial periods of stimulation ; the response rapidly 
waned with repeated or prolonged stimulation, while the amount of 
adrenaline released often increased and only fell during the last 15 min 
of prolonged stimulation. In the adult a fall in output of both amines 


_ occurred during continuous stimulation, but the percentage of adrenaline 


in the effluent blood remained unchanged. This finding in the cow agrees 
with the observations of Outschoorn (1952) on the adult cat. 

The fall in pressor amine output with prolonged splanchnic stimulation 
could be attributed either to a progressive failure of transmission at the 
splanchnic nerve endings, or to a decrease in the concentration of available 
amines in the medulla, or to a combination of both these factors. The results 
with acetylcholine showed that there was no lack of releasable material 
at the end of the 40 min period of stimulation in the calf. In fact acetyl- 
choline was a particularly effective stimulus, and it released an even greater 
proportion of noradrenaline than did splanchnic stimulation. This finding 
was not in accord with previous work on adult cats, in which both acetyl- 
choline (Outschoorn, 1952; Butterworth & Mann, 1957) and KCl (Vogt, 
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1952) had the same effect as nerve stimulation, and released approximately 
the same proportion of adrenaline into the effluent blood as that found in 
the glands. In the calf, on the other hand, with only 30% noradrenaline 
in the glands as much as 80% noradrenaline was released after acetyl- 
choline, but only 50-60% during nerve stimulation. These results sug- 
gested that the injected acetylcholine was not exciting the same cells 
as the acetylcholine released from the splanchnic nerve endings; for if 
the sites of action had been the same, then the proportions of the two 
amines released should have remained constant. The discrepancy between 
the effects of splanchnic stimulation and intra-arterial injections of 
acetylcholine can be explained, at least in part, if it is assumed that some” 
of the noradrenaline-releasing cells in the medulla of immature animals 
are not directly excitable by nerve stimulation. These cells might, how- 
ever, show a phenomenon akin to the sensitivity of denervation i.e. 


extreme sensitivity to acetylcholine until the tissue became fully 


innervated. | 

Histo-chemical evidence for separate adrenaline and noradrenaline 
secreting cells in the medulla has been provided by the work of Hillarp 
& Hokfelt (1954), and Erink6é (1955a, b), but there is as yet no direct 
histological evidence for their separate innervation, although the separate 
nervous control of adrenaline and noradrenaline release has been shown by 
hypothalamic stimulation (Redgate & Gelhorn, 1953; Folkow & von Euler, 
1954). The rate of development of innervation in the immature adrenal 
gland is not known, although it may well be very slow; in human sym- 
pathetic ganglia development is not complete even at seven years after 
birth (Gairns & Garven, 1959). 

The above hypothesis would go far to explain many of the results 
obtained in young calves, such as the preferential release of noradrenaline 
by acetylcholine, the discrepancy between content and initial output 
during nerve stimulation, and the smaller response to acetylcholine at 
2-3 months of age, at a time when the effects of splanchnic stimulation 
have become more pronounced. If it is assumed that during nerve stimu- 
lation the initial output of the transmitter is sufficiently high to excite 
many of the noradrenaline cells which are not directly innervated, the 
decline in the rate of noradrenaline secretion on continuous stimulation 
would be explained by a gradual decrease in the amount of transmitter 
liberated by each nerve impulse. However, certain anomalies remain; 
it is not easy to understand why transmission should fail so readily with 
successive stimulations at 15-20 min intervals, for the output of nor- 
adrenaline drops even under these circumstances. It is possible that in 
the young animal with a cut splanchnic nerve only a limited amount of 
transmitter is available, and that at relatively high rates of stimulation 
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the output rapidly falls to a level which is too low to excite the majority 
of non-innervated cells. The hypothesis also offers no explanation for the 
results with calves under one week of age. In these animals the small 
secretory response elicited by nerve stimulation suggests that innervation 
may be incomplete at this stage, yet there was no evidence for the increased 
sensitivity to acetylcholine which would be expected under these circum- 
stances. There is also the problem of the low output of adrenaline com- 
pared with its relatively high concentration in the medulla. The apparent 
inability to release much of this amine either in response to nerve stimula- 
tion or to acetylcholine suggests that much of the adrenaline extractable 
from the glands may not be immediately available for release. 


SUMMARY 


1. The pressor amine content and secretory capacity of the adrenal 
_ gland were determined in calves aged from 3 hr to 220 days, and in preg- 
nant and non-pregnant cows 2-3 yr old. 

2. In the calves the percentage of adrenaline in the glands rose with 
age from 51 to 75%, while 77 % was found in the adult. The total adrena- 
line per gland rose sharply from about the tenth day of life, while the 
noradrenaline content remained constant during the period investigated. 

3. In the first fews days of life the output of pressor amines during 
stimulation of the peripheral end of the splanchnic nerve was only 2-3 
times the resting level of secretion. 

4. In all older calves a brief period of splanchnic stimulation resulted 
in the liberation of large amounts of both amines, which increased with 
age. The proportion of noradrenaline secreted was invariably higher than 
that in the glands and was unaffected by altering the frequency of 
stimulation. 

5. Prolonged splanchnic nerve titnulaticas led to a rapid fall in the 
output of noradrenaline, while the decline in adrenaline output was less 
pronounced and slower in onset. This resulted in an increase in the per- 
centage adrenaline in the effluent blood during the stimulation period. 
Essentially the same results were obtained when the nerve was axmied 
intermittently. 

6. The percentage of adrenaline secreted in response to alles 
nerve stimulation in the adult was only about 5 % below that in the glands. 
The output of both amines fell with prolonged stimulation, but the pro- 
portions remained unchanged. 

7, In the calf a higher proportion of noradrenaline was released by 
the intra-arterial injection of acetylcholine than by nerve stimulation. 
The response to acetylcholine at the end of 40 min splanchnic stimulation 
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was as high as that at the beginning of the experiment, which suggested 
that transmission failure rather than lack of available amines was pri- 
marily responsible for the fall in output during prolonged stimulation. 

8. The anomalies in the development of adrenal medullary function in 
the calf are discussed, and a hypothesis is advanced which could explain 
many of the discrepancies between output of adrenaline and noradrenaline 
during nerve stimulation and acetylcholine injection, and the glandular 
concentration of these amines. 


I should like to thank Dr R. 8. Comline for advice and criticism, Dr D. A. Titchen for 
help with the cows, and G. Baker, M. Smith and P. Hughes for technical assistance. This 
work was begun during the tenure of a personal research grant from the Agricultural Research 
Council, by whom part of the expenses were defrayed. 
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THE MECHANICAL PROPERTIES OF RELAXING MUSCLE 


By B. R. JEWELL anp D. R. WILKIE 
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(Received 7 September 1959) 


The response of a muscle to stimulation is classically divided into two 
phases: contraction and relaxation. The mechanical properties of the 
muscle in the first phase have been extensively studied (for references, see 
Jewell & Wilkie, 1958) and much is known about the way in which tension 
is developed and work is done, but the second phase is much less clearly 
understood. A. V. Hill (19496) defined relaxation simply in terms of the 
external mechanical changes in the muscle, as ‘the process by which the 
muscle returns, after contraction, to its initial length or tension’. - 

Originally our interest in relaxation was aroused by the marked differ- 
ence between the time courses of isotonic and of isometric twitches. For 
instance, in Fig. 1, one is confronted by the apparently paradoxical situa- 
tion that after having lifted a load of 3 g wt. the muscle has completely 
relaxed at a time when it could have borne tension of 5 g wt. under iso- 
metric conditions. Admittedly, with small loads like this, the situation is 
complicated by an additional factor, for in the isotonic case the muscle 
has shortened appreciably. However, even with large loads, where the 
isotonic shortening is much less, mechanical activity has apparently 
ended at a time when the isometrically contracting muscle is still capable 
of bearing a considerable tension. 


METHODS 

All the experiments were performed on frogs’ sartorii (English Rana temporaria), kept 
immersed in Ringer’s solution (mm: NaCl 115-5; KCl 2-0; CaCl, 1-8; Na phosphate buffer, 
pH 7-0, 2-0) at 0° C. Isotonic or isometric recordings alone give an incomplete picture of the 
changes in the mechanical state of the muscle, so we decided to record length and tension 
changes simultaneously during various different types of contraction. The length changes 
were recorded in the usual way by connecting the muscle to a light lever, the movements of | 
which were ‘sensed’ by a photo-electric arrangement (see Jewell & Wilkie, 1958 for further 
experimental details). In theory the tension in the muscle. could have been measured 
simultaneously and directly in one of three ways: by attaching a suitable transducer to the 
pelvic muscle clamp; by ineorporating a transducer in the connexion to the muscle; or by 
mounting a transducer at the tip of the lever. The mechano-electronic transducer, RCA 5734, 
which we normally use to measure tension, cannot conveniently be immersed in Ringer’s 
solution ; and to have mounted it at the tip of the lever would have produced an undesirably 
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large increase in inertia. Instead of building entirely new apparatus (see, e.g., Buchthal, 
Weis-Fogh & Rosenfalck, 1957; Abbott & Mommaerts, 1958) we have employed an indirect 
method which entailed only a slight alteration to our normal apparatus (see Fig. 2). 

The transducer is attached by a flexible but inextensible link to the mid point of the iso- 
tonic lever, As the transducer is fixed to the stand holding the lever, the link enables it to 
function as an after-load stop. When the lever is not moving 


F = 10T+20P, 


where F' = weight of the load, 7 = tension recorded by transducer and P =: force produced 
by muscle. As Fis a known constant, a record of the variation of T' with time will, if suitably 
calibrated, show the variation of P with time. 


o 


Tension (g wt) 


0-2 4 0-6 08 1:2 
Time (sec) 


Fig. 1. Isometric and isotonic responses of a frog sartorius (30 mm, 35 mg, 0° C) 
to a single shock. These are tracings of experimental records, showing (a) after- 
loaded isotonic contractions against loads of 3, 5, 7 and 9 g wt., and (b) an isometric 
twitch; the horizontal lines correspond to the loads in (a). 


The lever can only move in such a direction that the link between it and the transducer 
goes slack ; this will happen whenever the force produced by the muscle is greater than that 
produced by the load. When this happens, 7’ will become zero, and then 


P = F/20+Ma, 


where M is the equivalent mass of the lever at some chosen point, and a is the acceleration 
at the same point, With the lever actually used, Ma was always a negligible quantity ; so that 
tie force on the shortening or lengthening muscle was always equal to one twentieth of the 
load. Thus the force exerted by the muscle was known at all times, whether it was shortening 
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or not. The outputs of the transducer and photocell (which registers movements of the lever) 
were amplified and displayed simultaneously on 4 single-beam cathode-ray tube, by means 
of mechanical input switching at 250 c/s. 


Fig. 2. Apparatus used for making simultaneous records of the length and tension 
changes in the muscle. The frog sartorius (A) lies on a multi-electrode assembly 
(M) in oxygenated Ringer’s solution. It is attached to the light isotonic lever (B) 
by means of a stainless-steel exion (C). The lever is pivoted at (O), and its move- 
ments are recorded by means of the photo-electric device (D). Weights (W) are 
hung on the lever near its fulcrum, and the length that the muscle adopts is 
determined by the position of the transducer (7'), which is attached to the lever 
by means of a flexible, but inelastic, connexion (8). The numbers give the 
relative distances of the load, the transducer, and the muscle from the fulcrum of 
the lever. 


RESULTS 


Figure 3 shows a typical series of records of the length and tension 
changes in the muscle during after-loaded isotonic contractions against 
various loads. It is clear from the records that the rapid extension of the 
muscle as the load drops does not mark the end of the process of relaxation, 
for this is followed by a phase of isometric relaxation during which the 
tension first drops rapidly, and then continues to decay at a rate which is 
similar to that in an isometric twitch (see Fig. 1b). The exponential 
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character of the slow fall is seen clearly if the logarithm of the tension is 
plotted against time, as in Fig. 6a. The fact that these semi-logarithmic 
plots all have the same slope means that the tension decay after isometric 
contraction and after isotonic contractions against various loads can be 
described by the same decay constant (half-time or time constant). Thus, 
although the absolute tension at a given moment after the stimulus depends 
on the mechanical changes that the muscle has undergone, the rate of 
proportional fall of tension is independent of these changes. The relation 
between tension and mechanical change can be expressed quantitatively 
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‘ T T T T 
0 0-2 0-4 0-6 0:8 1:0 1:2 
Time (sec) 
Fig. 3. Tracings of simultaneous records of the length and tension changes in a 
frog sartorius (30 mm, 5 mg, 0° C) during after-loaded isotonic twitches against 
loads of 3, 5, and 9 g wt. The corresponding isometric twitch is shown in Fig, 1). 


in a variety of ways, depending on whether one is mainly interested in the 
history of changes in length or in tension. During ordinary isotonic con- 
traction the relation is particularly simple, as each millimetre of active 
shortening reduces the tension at a given later moment to about 3/4. 
Alternatively, as the fall of tension is exponential, each millimetre of 
shortening can be considered to shift the curve of fall of tension forwards 
by about 70 msec. 

In contrast, the initial sudden drop in tension seems to be correlated 
with, and may be a consequence of, the sudden increase in length imposed 
by the falling load; for the size of this step is greater the greater the length- 
ening of the muscle. This effect may be discerned in Fig. 3; but as both the 
load and the forced lengthening of the muscle were being changed in this 
experiment, it is not clear which factor was responsible for the progressive 
increase in the size of the step. 
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To overcome this difficulty we have performed a separate experiment in 
which the load was kept constant at 6 g wt., but the amount of lengthening 
during relaxation was varied (see Fig. 4). This was done by mounting the 
transducer on the armature of an electromagnet so that it could be 
moved to a new position while the contraction was actually proceeding. 
The difference between the initial and final lengths of the muscle could 
be varied by adjusting the excursion of the armature of the electromagnet. 
Figure 4 shows clearly that as the amount of forced lengthening during 
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Fig. 4. Tracings of simultaneous records of the length and tension changes in a frog 
sartorius (30 mm, 35 mg, 0° C) during after-loaded isotonic twitches, in which the 
lengthening of the muscle during relaxation was varied. In each case, the load was 
6 g wt. and the shortening during contraction was 3-1 mm. The subsequent amounts 
of lengthening were: (a) 0-28 mm, (6) 0-81 mm, (c) 1:36mm, and (d) 3-1 mm. 
The apparatus used is shown as an inset diagram; the lettering is the same as in 
Fig. 2. The transducer (7') was mounted on the armature of an electromagnet (Z) 
so that it could be moved downwards whilst the muscle was shortening. The timing 
of the movement is shown by the arrow below the time scale. | 


relaxation is decreased, the size of the sudden drop ini tension also de- 
creases. It is just as though, in an ordinary isotonic contraction, the 
rapid extension imposed by the falling load caused a further fall in tension 
by breaking some of the tension-bearing bonds. The effect of a rapid 
extension was later examined in a more direct fashion by applying a small 
and rapid stretch to the muscle during the later stages of an isometric 
twitch (Fig. 5d). This mancuvre leads to an increase in tension during 
the period of the stretch, but this is followed immediately by a sudden fall 
in tension, and then by an exponential decay; that is, the consequences 
are exactly the same as those of forced lengthening during an isotoni¢ 
contraction. 


Similar behaviour was shown by the relaxing muscle in all the types of 
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contraction that we have examined. These results are grouped together in 
Fig. 5, which shows simultaneous records of length and tension during 
isotonic contractions; isometric contractions, with and without stretches 
or releases; stopped isotonic contractions; and auxotonie contractions, in 
which the muscle shortened against a spring. Semi-logarithmic plots of 
the tension decay, corresponding to the curves in Fig. 5, areshown in Fig. 6. 
In all cases the tension record shows a final exponential fall. The only 
exception (not shown in Fig. 5), is seen when the relaxing muscle is quickly 
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Fig. 5. Simultaneous records of length change (upper line) and tension change 
(lower line) in various types of muscle twitch. In each case, the final exponential 
tension fall has been darkened, for emphasis. a, after-loaded isotonic ; b, after-loaded 
isotonic, load held up; c, after-loaded isotonic, arrested by a stop; d, isometric, 
stretched during relaxation ; e, isometric, released during contraction; f, auxotonic, 
contracting against a spring. 


stretched and then restored again to its original length. After this treat- 
ment, tension remains zero, presumably because the muscle cannot shorten 
enough to take up the slack resulting from the stretch. 

In each of the graphs shown in Fig. 6 the tension decay in a simple 
isometric twitch (recorded from the same muscle at about the same time) 
has been included to provide a standard of reference (solid dots); and in 
each case this is seen to have about the same slope as the other curves of 
tension fall. The slopes are not the same in the different parts of Fig. 6 
because the experiments shown there were made on different muscles, or 
on the same muscle at different times. However, the inclusion of a control 
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isometric twitch in each set permits the deduction that, if all the experi- 
ments could be made on the same muscle at the same time, they would 
all show the same slope. Thus the time constant of tension decay appears 
to be characteristic of a particular muscle under given conditions. 
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Fig. 6. Semi-logarithmic plots of thé fall of tension during relaxation in the 
various types of contraction shown in Fig. 5. In each case the solid circles show 
the fall of tension in an isometric twitch. The open circles show the fall in (a) after- 
loaded isotonic contractions against loads of 3,.5 and 9 g wt. (see Fig. 3); (b) after- 
loaded isotonic contractions against a load of 6 g wt., in which the change in length 
during relaxation was varied from 0-28 to 1-36 mm (see Fig. 4); (c) after-loaded 
isotonic contractions, in which the shortening was limited to 1 mm (stopped con- 
tractions)—the tension fall was identical for all loads used (6, 11, 16, and 26 g wt.); 
(d) isometric contractions, in which the muscle was stretched by 1 mm at 0-3 and 
0-6 sec after the shock; (e) isometric contractions, in which the muscle was 
released by 1 mm at various times after the shock; (f) auxotonic contractions, in 
which the muscle shortened against springs with different compliances. 
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By changing these conditions the decay constant can be altered. For 
instance, increasing the temperature decreases it, the Q:) being about 3 
(also M. C. Goodall, 1958, unpublished), and raising the hydrostatic pres- 
sure increases it (Brown, 1936). Alteration in the length of the muscle is 
known to produce a marked effect on the decay constant (see Hartree & 
Hill, 1921). This is illustrated in Fig. 7, in which the effect of muscle 


Half-time of tension fall (msec) 


- Peak time (msec) 


Muscle length (mm) : 
Fig. 7. Graphs showing the effect of varying the muscle length on the time course 
of the isometric twitch. The solid circles show the peak time, and the open circles 
show the half-time of the tension fall, in isometric twitches of a frog sartorius 
(60 mg, L, = 29 mm, 0° C) at muscle lengths from L,—8 to L,+8 mm. 


length on the peak time of the isometric twitch is also given for compari- 
son. At lengths below L,, there is little effect, but when the muscle is 
stretched the decay constant increases steeply, while the peak time is 
only slightly affected. Relaxation always becomes slower during the course 
of a long experiment; for instance, in a typical case, the half-times on three 
successive days were 66, 113 and 180 msec. 


The mechanical state of the relaxing muscle 


Muscle undoubtedly contains a series compliance, with properties that 
remain more or less unchanged up to the end of relaxation (Wilkie, 1956; 
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Jewell & Wilkie, 1958). This compliance must shorten and stretch out the 
contractile elements as the tension falls during relaxation. The first 
possibility to be considered is whether the mechanical properties of re- 
laxing muscle can be explained by means of a purely passive Maxwellian 
system of springs and dashpots. An exponential decay of tension would be 
given by a linear stretched spring and a dashpot connected in series; so it 
‘is tempting to draw analogies between the spring and the series compliance 
on the one hand and between the dashpot and the (relaxing) contractile 
component on the other. However, this possibility has been tested, and 
rejected, by the experiment illustrated in Figs. 5f and 6f, in which extra 
compliances were introduced into the connexion between the muscle and the 
transducer. In the hypothetical Maxwellian system, this would have led to 
an increase in the time constant of the tension decay, whereas in the muscle 
there was little effect. The simple Maxwellian system is therefore ruled out, 
and so, probably, are other passive mechanical systems of that type. 
The viscosity of the relaxing contractile component evidently varies in a 
complicated way with both the velocity of lengthening and with time; 
and although these properties could be incorporated in a Maxwellian 
model, the result would be of purely formal use, if any. _ 

However, the presence of two elements does complicate experimental 
investigations of the time course with which active processes decline after 
stimulation. The simplest way of separating their effects is to use the 
quick-release technique originally devised by Petit (1931). After a 
stimulus, the muscle first contracts isometrically ; then, at a chosen moment, 
it is released and allowed to shorten isotonically. The length changes in the 
muscle show two distinct phases (see, for example, Jewell & Wilkie, 1958, 
Fig. 3); the initial rapid change in length arises from shortening of the 
series elastic elements as the tension on them is reduced; this is followed 
by a much slower change in length as the contractile parts of the muscle 
continue to shorten actively. It is found experimentally that the sharp 
distinction between the two phases remains clear throughout contraction 
and relaxation (see Fig. 8). One can therefore examine the contractile 
component alone by subtracting the contribution of the series compliance. 

It is found that the active shortening derived in this way continues 
almost.to the end of relaxation, though the amount of shortening, its speed, 
and the force that can be overcome, all decrease progressively. Although 
these changes could be put into quantitative form in a variety of ways, 
it must be remembered that all the individual muscle fibres may not behave 
in an identical fashion (see Discussion). We have determined the force— 
velocity curve of the contractile component at each moment of release by 
measuring the velocity with which the muscle shortens actively against 
different loads. Figure 9 shows the force—velocity curves that were 
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obtained at various times after the application of a single shock to the 
muscle, All these curves could probably have been fitted by Hill’s equa- 
tion (Hill, 1938), but we have found it convenient to use one of the forms 
of Aubert’s equation (Aubert, 1956a), which lends itself to the ready 
determination of P, (the force when the velocity is zero) and V,, (the velo- 
city of shortening when the load is zero), as shown in Fig. 10. If less 
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Fig. 8. Superimposed experimental records showing the response of a frog sartorius 
(34 mm, 63 mg, 0° C) to a single shock (a) under isometric conditions, and (b) under 
after-loaded isotonic conditions. Records c—k show the changes in length that oc- 
curred when the muscle was released and allowed to shorten under isotonic con- 
ditions at various times during an isometric twitch; in these records the initial rapid 
elastic changes in length were too faint to reproduce satisfactorily, and they have 
therefore been retouched. All the isotonic contractions (b—k) were made against a 
very small load (i.e. not exceeding 0-3 g wt.). The horizontal interrupted line has 
been added to show a length change of 2 mm (see text). 


accuracy is needed, P, and V, can be directly estimated from sets of re- 
leases (like that shown in Fig. 8) against a range of loads. The way in which 
V, and P, decline after a single shock is shown in Fig. 11, with an ordinary 
isometric twitch for comparison. It appears that V, declines rather more 
slowly than P,. | 

A variety of other measures of the decline in activity can be devised, 
such as the maximum power output, the maximum work output, or the 
maximum total shortening against a very small load. Since maximum 
power output is approximately equal to P, V,/9 (Hill, 19395), this declines 
in a way that is intermediate between the curves for P, and Vy. With work 
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output, or total shortening, there is the difficulty that each takes place 
over a finite interval of time rather than at a single instant, so it is not 
quite clear how the result should be plotted for a fair comparison with the 
other curves. The only point in mentioning them is to emphasize that all 
these curves are different, and no particular one can claim to be the index 
of declining activity. The same is true in the case of the ‘active-state 
curve’ obtained by Ritchie’s method (Ritchie, 1954), in which the iso- 
metrically contracting muscle is released a fixed distance (usually 2-3 mm) 


sor 


Velocity (mm/sec) 


0 10 20 30 40 
Force (g wt.) 

Fig. 9. The relationship between the load and the velocity of shortening of a frog 
sartorius (32 mm, 56 mg, 0° C) at various times after a single shock. The solid 
circles show the shortening velocities in after-loaded isotonic contractions against 

various loads; these have been joined by an interrupted line. The open circles were 
obtained by rmeasuring the velocity of active shortening when the muscle was 
released against different loads at predetermined times after the shock (Fig. 8 shows 
a typical set of releases against one particular load). A force—velocity curve was 

_ obtained for each of these times by drawing a line through the corresponding set of 
points. For the sake of clarity, a line has not been drawn through the points 
obtained from releases made 92 msec after the shock, as these are almost identical 
with those obtained in after-loaded contractions. The other curves correspond to 
releases made 184, 276, 368, 460, 552, 644, 736, 828 and 920 msec after the shock. 
Some of the curves were incomplete in that they lacked an isometric point; these 
curves were fitted by Aubert’s equation (as described in Fig. 10), and the isometric 
points were obtained by extrapolation. The parts of the curves obtained in this way 
are shown by dotted lines. 
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at various times, and its capacity to redevelop tension is recorded. A curve 
obtained by this technique (using a 2mm release) is included in Fig. 11 
(curve B) for comparison with those for P, and V,. The main point to 
notice is that the ‘active-state’ curve and the ‘P,’ curve run together at 
first, when the tension is high, but that the active-state curve soon sepa- 
rates and drops away towards the base line. This is puzzling, because both 
curves are supposed to measure the isometric tension that the muscle can 


develop at various moments after the stimulus. Indeed, the ‘ P,’ curve 


must, logically, be identical with the ‘active-state’ curve that would be 
obtained if the amount of release in the latter case could be adjusted at 
each moment of release so that it was only just enough to discharge the 
tension in the series elastic component. This is impracticable and in the 
past it has been the custom to allow a generous margin to accommodate 
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Fig. 10. Graphs illustrating the use of Aubert’s equation for fitting the force—velocity 
curve, and for predicting a value of the isometric tension in the absence of suitable 
experimental points at low shortening velocities. The equation used (Aubert, 1956) 
is P = A exp (— V/B)+F, where P = force, V = velocity, and A, B and F are 
constants. The experimental points (solid circles) have been plotted on both linear 
and semi-logarithmic co-ordinates (graphs a and b, respectively). A constant force, 
F (= 3 g wt.), has been added to these points to give a straight line on the semi- 
logarithmic plot (open circles in graph 6). The constants A and B can then be 
evaluated by extrapolating the straight line to zero velocity (which gives 
A = 47g wt., from the intercept on the ordinate), and by measuring its slope (which 
gives B = 17 mm/sec). Since F = 3gwt., the equation of the force—velocity curve 
(i.e. solid circles) is P = 47 exp (V/17)—3, where P = force in g wt., and V = velo- 
city in mm/sec. This equation has been solved for various values of V and the points 
_ obtained have been plotted on graph a as open circles; it is evident that the fit is 
extremely gocd. Values for P,, the isometric tension, and V,, the maximum velocity 
of unloaded shortening, can be obtained by solving the equation for V = 0 and 
P = 0, respectively. In this particular case, P, = 44 g wt. and V, = 44-5 mm/sec, 


} 
* 
ty 
) 
i 
“ 


42 B. R. JEWELL AND D. R. WILKIE 


uncertainties in the series compliance of the muscle and apparatus, 
and to make sure that both were discharged fully even when the tension 
was at its peak. The consequence of this policy is shown in Fig. 8, in 
which a horizontal line has been drawn to indicate a shortening of 2 mm. 
In Ritchie’s method, using a 2 mm release, tension will only begin to be 
recorded after the shortening curve has crossed this line, and it is evident that 
this will never happen if the release is made after 0-4 sec, for the maximum 
unloaded shortening of the muscle is then insufficient to take up the slack in 


Activity (%) 


0 
Time (sec) 


Fig. 11. Time course of the decay of activity in the frog sartorius after a single 
shock. In both graphs, 100% indicates full activity; it corresponds to P,, the 
isometric tetanic tension, in the case of the isometric measurements; and to V4, 
the maximum velocity of shortening of the unloaded muscle, in the case of the iso- 
tonic measurements. The interrupted curves show isometric twitches and the 
solid circles in (a) show the active-state curve that was obtained by Ritchie’s 
method using a 2mm release. The other curves show the decline of activity as 
measured by the isotonic release method: open circles, decline of P,; crosses, 
decline of Vo. (a) Frog sartorius (32 mm, 56 mg, 0° C); P, and V, determined by 
fitting the force—velocity curves at various times after a single shock (Fig. 9) by 
Aubert’s equation (Fig. 10); (6) frog sartorius (34 mm, 63 mg, 0° C); P, and V, 
determined by direct measurement from experimental records (see Fig. 8). 
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the connexion. For this reason, Ritchie’s method will tend to underestimate 
the duration of activity in the muscle. It should be possible to reduce this 
error by decreasing the amount of release; and this is found to be the case 
experimentally (Fig. 12). With releases of from 2 to 5 mm, the shape of 
the curve is unaltered in its upper part (see also Ritchie & Wilkie, 1955, 

p. 495); but when the release is reduced to 0-5 mm the bottom end of the 
active-state curve is drawn to the right so that it coincides with the 
‘P,’ curve (compare Figs. 11 and 12). A similar effect has been found by 
M. C. Goodall (1958, private communication). In fact it is only the bottom 
end of the curve that is appreciably affected in this way, and since the 


| 


Activity (%) 


0 0-2 ae 06 0-8 1-0 
Time (sec) | 
Fig. 12. Active-state curves of a frog sartorius (31 mm, 39 mg, 0° C) determined by 
Ritchie’s method, using releases of (a) 2mm, and (b) 0-5mm. On the ordinate scale, 
100 % corresponds to the isometric tetanic tension. The dashed curve shows the 
time course of the tension changes in an isometric twitch. 


active-state curves already published (Ritchie, 1954; Lammers & Ritchie, 
1955 ; Ritchie & Wilkie, 1955) do not extend to late times, they are probably 
reasonably correct as they stand, for in each of these cases the point of 
interest was whether the curve‘as a whole was advanced or delayed. For 
this purpose, Ritchie’s technique (even using a large release) is adequate, 
and convenient. 

DISCUSSION 


Properties of relaxing muscle 
In describing the results of our experiments we have made use of 
the well known fact that the curve of fall in tension cueing isometric 
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relaxation eventually becomes exponential. Although there is some varia- 
tion between muscles, this exponential phase usually includes from 50 to 
70 %, of the total fall in tension. In order to fit the complete curve of fall 
in tension in isometric tetanus, a different mathematical function is 
needed—for example, a probability curve (Aubert, 19566), or a more 
complicated function involving several — (M. C. Goodall, 
private communication). 

The ability to bear tension usually outlasts the ability to shorten actively, 
even against zero load, and the ability to generate mechanical power 
declines even sooner. All these signs of activity disappear very rapidly 
once active shortening has been permitted, and the muscle behaves as 
though it contains a dwindling store of energy that is rapidly exhausted 
by shortening. In some other types of muscle there is a far more striking 
dissociation between the ability to shorten actively and the ability to bear 
tension; for instance, in the anterior byssal retractor of Mytilus, the 
capacity for active shortening disappears within «a few seconds after 
stimulation has ended, but the ability to bear tension may persist for 
several hours (Lowy & Millman, 1959; Jewell, 1959). 

No matter what changes in length may have occurred, the decay 
constant of fall in tension remains surprisingly constant, in view of the 
fact that active shortening considerably reduces the tension at a given 
later moment. It is tempting, therefore, to identify the decay constant 
with the rate constant of one of the fundamental chemical reactions during 
relaxation; though at the moment it is not clear exactly how our findings 
on living muscle are to be compared with those on relaxing actomyosin 
systems. One of the advantages claimed by Goodall’s formulation of the 
problem is that it can be interpreted in terms of the kinetics of the under- 
lying reactions. Unfortunately, we cannot see how to test this formula- 
tion against our experimental results, though the results themselves agree 
with his, where they can be directly compared. 

If the tension during relaxation is really held by bridges between actin 
and myosin filaments (H. E. Huxley, 1957; A. F. Huxley, 1957), then 
during forcible lengthening all the bridges must be broken as the filaments 
slide past one another, but must re-form immediately when elongation 
ends. This may not be as remarkable as it sounds, because the contact area 
between the interdigitating filaments is enormous (about 200,000 cm? per 
cm*® of muscle, i.e. 30cm? per cm? in the half-sarcomere). The force 
between the filaments is consequently small (less than 100 g wt. per cm? of 
contact area), and it may be compared with ordinary limiting friction. 

One practical conclusion that we have drawn from our experiments is 
that in order to obtain a true picture of the mechanical state of the muscle, 
it is always necessary to record, to define, or at least to consider the simul- 
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taneous changes in length and tension. Many workers (e.g. Blix, 1895; 
Reichel, 1936; see also Burdon-Sanderson, 1900) have done this in the 
past, though their records were often unsatisfactory because of the in- 
adequate frequency-response of their purely mechanical apparatus and the 
fact that their experiments were usually conducted at room temperatures. 
More recently, electro-mechanical apparatus has been used to overcome 
this difficulty (see Buchthal et al. 1957; Abbott & Mommaerts, 1958) and 
experiments have usually been made at lower temperatures. It is of 
vital importance in the interpretation of heat measurements to take 
both the tension and length changes in the muscle into consideration, 
even if they cannot actually be recorded simultaneously. 


Heat production during relaxation — 

Although heat is produced throughout contraction and relaxation, that 
due to active processes (processes that consume chemical energy) is 
thought to end about 0-4 sec after the application of a single shock to the 
frog sartorius at 0° C. The heat production during this period is believed 
to be of two distinct types (Hill, 1949a)—(i) ‘activation’ heat, which 
inevitably accompanies the creation of an active state in the muscle, 
_ and (ii) ‘shortening’ heat, which is proportional to the amount of shorten- 
ing in the contractile component. The latter is regarded as the result of 
active processes because its appearance is accompanied by additional 
recovery heat (Hill, 1939a) and, probably, by additional oxygen consump- 
tion (Fischer, 1931). The heat produced after 0-4 sec can be accounted for 
by purely passive processes, viz. (i) the degradation of the mechanical 
energy that was stored, during contraction, either in the series elastic 
elements or in the load (Hill, 19496; Abbott & Aubert, 1951) and (ii) the 
thermo-elastic heat that accompanies the tension fall, as in a normal 
elastic body (Hill, 1953, 1959). 

Now, it has been shown in this paper that the muscle can still shorten 
actively after 0-4 sec. In fact, it can shorten against zero load for at least 
1 sec (see Fig. 8), and the question arises whether or not this is accompanied 
by the production of shortening heat. If it is, then the view that active 
processes cease at 0-4 sec needs revision; on the other hand, if it is not 
accompanied by shortening heat, then one must presume that the nature 
of the shortening produced by the muscle changes qualitatively during 
the course of a twitch, in spite of the fact that the mechanical records 
(Fig. 8) and the force—velocity curves (Fig. 9) give no indication of this. 
A difficulty that arises in the interpretation of mechanical records of this 
kind is that there is no way of knowing whether all the muscle fibres 
relax simultaneously. If they do, then all of them must be active at late 
times. If they do not, then the relaxation of the whole muscle must be to 
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some degree determined by the statistical distribution of relaxation times 
in the different fibres; moreover, a few active fibres would suffice to 
produce shortening against zero load at late times. In this case, even if 
the shortening heat per fibre had its usual value, the shortening heat 
produced by the whole muscle might be negligible. 


SUMMARY 

1, A simple indirect method has been used to record simultaneous 
changes in length and tension in a frog’s sartorius muscle during various 
types of muscle twitch. 

2. In all cases the fall in tension eventually becomes exponential and 
the decay constant was found to be independent of the sequence of changes 
in length and tension that the muscle had undergone. 

3. An isotonic quick-release technique has been used to follow the de- 
cline in activity in the muscle. ; 

-- 4, The use of various measurements for assessing activity is discussed. 
According to some criteria, activity persists at 0° C for as long as 0-9 sec 
after a shock. 

5. The question of the heat production at late times is discussed. 
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TRANSFER OF SHORT-CHAIN FATTY ACIDS 
BY THE INTESTINE 
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Smyth & Taylor (1958) have shown that acetic, propionic and butyric 
acids can be transferred against a concentration gradient by preparations 
of rat intestine in vitro. These studies were limited to observations on the 
concentration of fatty acid in mucosal and serosal fluids and to measure- 
ment of changes in the amount of fatty acid and water on the serosal 
side. The present work extends these observations to further details of 
movement of these fatty acids and to higher members of the fatty acid 
series. The results also provide a basis for discussing the interpretation of 
intestinal transfer studies in vitro. 


METHODS 


In vitro. The preparation was the sac of everted small intestine of the rat (Wilson & 
Wiseman, 1954). The sacs were 30 cm long, made from the jejunum of the rat, contained 
3 ml. bicarbonate saline (Krebs & Henseleit, 1932) with 500-1000 mg glucose/100 ml., and 
were suspended in 15-50 ml. of the same solution. They were shaken at a rate of 80 c/min 
for 60 min at 38°C in conical flasks, as described by Parsons, Smyth & Taylor (1958). 
Two types of experiments were done as also described by these authors: (1) transfer experi- 
ments, in which the object of the experiment was to measure the changes in the mucosal 
and serosal fluids; and (2) metabolism experiments, where the object was to estimate the 
total amount of fatty acid disappearing during the course of the experiment. In the meta- 
bolism experiments, the method was modified as follows. After incubation of the sac for 
1 hr the flask was immersed in an ice-salt freezing mixture (approximately — 10° C) until 
the contents froze (approximately 3 min). Cold water was then run over the outside of the 
flask until the contents just thawed. The sac was removed and ground with 1 ml. of acid- 
washed sand, 5 ml. 7% (w/v) CuSO,.5H,0 and 5 ml. 10 % (w/v) Na,WO,.2H,0. The ground- 
up tissue together with the deproteinizing reagents was pooled with the flask contents, and 
the total volume made up to Ba ml. After filtering, samples were taken for estimation of 
volatile fatty acid. 

Expression of results. The terms used in expressing the results are as defined by Parsons 
et al, (1958), and for convenience they are repeated here. ‘Mucosal fluid transfer’ is the 
decrease in volume of the mucosal fluid; ‘serosal fluid transfer’ is the increase in volume 
of the serosal fluid; ‘gut fluid uptake’ is the increase in volume of the empty sac; ‘mucosa! 
substrate transfer’ is the decrease in amount of substrate (in this case fatty acid) on the 
mucosal side; ‘serosal substrate transfer’ is the increase in amount of substrate on the 
serosal side. ‘Final concentration gradient’ is the difference between the final serosal sub- 
strate concentration and final mucosal substrate concentration. In addition to the above 


> 
om 
| 
3 
4 


FATTY ACID ABSORPTION 49 


terms the following are also used: ‘gut substrate uptake’ is the amount of substrate not 
accounted for in the final mucosal and serosal fluids and may be due either to metabolism 
or to accumulation of substrate in the intestine. ‘Mucosal concentration transferred’ is the 
mucosal substrate transfer divided by the mucosal fluid transfer, and the ‘serosal concen- 
tration transferred’ is the serosal substrate transfer divided by the serosal fluid transfer. 
If the figure of 3-2 for the wet wt.:dry wt. ratio found by Fisher & Parsons (1953a) is accep- 
ted, the ‘initial gut fluid content’ can be calculated from the initial wet weight, and if to 
this is added the ‘gut fluid uptake’, the ‘final gut fluid content’ is obtained. If the amount 
of substrate in the gut at the end of the experiment is known the ‘final gut substrate con- 
centration’ can be calculated. The above quantities as defined are considered as positive. 
Under certain conditions some of them may become negative. In comparing the results of 
different experiments it is usually convenient to express the transfer per gram initial wet 
weight. 

When many experiments are done, the calculation of all the above quantities becomes 
laborious. The work has been greatly facilitated by the use of the Pegasus Electronic Com- 
puter. A programme for the work was prepared by Mr P. H. Blundell, and this very greatly 
reduced the time spent on calculation. 

In vwo. The method for studying absorption in vivo was that of Sheff & Smyth (1955), 
as modified by Jervis, Johnson, Sheff & Smyth (1956). Incubation of a sample of mucosal 
fluid containing glucose did not show any production of volatile fatty acid, thus excluding 
possible formation of volatile fatty acid by bacterial action. 

Chemical. The fatty acids were obtained commercially and were used as sodium salts. 
They were estimated by steam distillation in a Markham still after deproteinization with 
7% (w/v) CuSO,.5H,O and 10% (w/v) Na,W0O,.2H,0. The final titration was with 
0-05n-NaOH, with phenol red as indicator. : 

Statistical. In the section on Michaelis-Menten kinetics the statistical procedures used 
were those described by Davies & Jowett (1959). 


RESULTS 
Metabolism of fatty acids 


The purpose of these experiments was to determine the capacity of the 
intestine to metabolize or produce fatty acid. The production of volatile 
fatty acid in the absence of added fatty acid is given in Table 1, which 
includes experiments in the presence and absence of glucose, and experi- 
ments where the sac was suspended in saline containing glucose but re- 
moved without having been incubated. Two experiments were also done 
in which lengths of intestine were extracted immediately after removal 
without making into a sac. These results show that incubation of the sac 
produces a small amount of volatile fatty acid which is possibly slightly 
greater in the presence of glucose. Without incubation the amount of 
volatile fatty acid produced is insignificant. Table 2 shows the relation 
between the amount of fatty acid added and the amount recovered in the 
presence and absence of glucose for acetate, propionate and butyrate, 
respectively. In the case of acetate and butyrate, fatty acid disappeared 
during incubation in the absence of glucose, and this disappearance is 
more striking if the amount of fatty acid produced in the absence of added 
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TaBE 1. Production of volatile fatty acid by 30 cm sacs of everted small intestine when no 
fatty acid was present initially. The sacs were suspended in Krebs’s bicarbonate saline, 
with or without added glucose. In the last two experiments shown, 30 cm of intestine was 
ground up immediately after removal from the animal without eversion 


Glucose Time of Volatile fatty acid 
(mg/100 ml.) (min.) (umole) Mean (umole) 
500 77 
500 60 9-5 
500 60 6-8 
500 60 6-8 
0 60 4:7 : 
0 60 6-0 on 
500 0 5-7 
500 0 3-1 2-8 
500 0 1-4 
500 0 0-9 
0 0 2-4 : 
0 0 8} 


TABLE 2. Change in total amount of volatile fatty acid after 60 min incubation of sacs of 
everted small intestine in Krebs’s bicarbonate saline with fatty acid added initially in the 
presence or absence of glucose. The initial concn. of fatty acid was approximately 10 mm 
in all cases. In the column marked ‘difference’ a positive quantity indicates production of 
volatile fatty acid and a negative quantity disappearance 


glucose Volatile fatty acid (umole) . 
concn. 
Fatty acid (mg/100 ml.) Initial Final Difference Mean 
Acetate. 1000 178 178 0 
| 1000 178 175 
1000 179 — 2 
1000 179 180 1 
0 179 168 -—ll 
0 179 166 —13 _13 
0 180 164 
0 180 168 —12 
Propionate 1000 178 183 5 
: 1000 178 182 4 5 
1000 161 167 6 
1000 161 167 6 
0 161 163 2 
0 161 162 1 
0 178 183 5 3 
0 178 182 4 
Butyrate 1000 175 172 — 3 
172 — 3 
178 —4 — 5 
176 — 6 
174 — 8 
163 —12 
167 — 8 
169 —13 
172 —10 
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fatty acid is also considered. In contrast there appeared to be almost no 
metabolism of propionate. 


TaBLE 3. Transfer of acetate and fluid by everted sac of rat jejunum. The initial — 
wet weight of the sac was 1-98 g. Duration of experiment 60 min 


Acetate (umole) 
Mucosal transfer 161 
Serosal transfer 72 
Gut uptake 89 
Fluid (ml.) | 
M transfer 2-58 
Serosal transfer 1-56 
Gut uptake 1-02 


Final mucosal 11-5 
Final serosal 29-2 
Final concn. gradient 17-7 
Mucosal concen. transferred 62-4 
Serosal concn. transferred 46-2 
Transfer of fatty acids 


The general pattern can be seen by reference to one experiment with 
acetate (Table 3). The initial concentration was the same in mucosal and 
serosal solutions, i.e. 20-3 mm. During the experiment 161 umole acetate 
and 2-58 ml. fluid left the mucosal side. The acetate concentration in the 
fluid leaving the mucosal side (mucosal concentration transferred) was 
therefore 62-4 mM i.e. about three times the initial concentration in the 
mucosal fluid. Of the acetate and fluid leaving the mucosal side, some 
was retained in the gut and some was transferred to the serosal side. ‘The 
gut acetate uptake (89 zmole) was proportionately greater than the gut 
fluid uptake (1-02 ml.) with the result that the serosal concentration 
transferred (46-2 mm) was less than the mucosal concentration transferred. 
The serosal concentration transferred was, however, greater than the 
initial concentration of acetate on the serosal side, with the result that the 
final serosal concentration of acetate (29-2 mm) was greater than the initial 
serosal concentration (20-3 mm). Of the 89 pmole of acetate taken up 
by the tissue, presumably a small amount was metabolized and the rest 
retained in the gut wall. Similar results were obtained in more than fifty 
other experiments with acetate. Analogous results were also obtained 


with propionate, butyrate, n-valerate, iso-valerate and n-hexanoate. 


| Significance of serosal transfer 
As a considerable amount of water and fatty acid is present in the gut 
wall at the end of the experiment, the relation was determined between 
the concentration of fatty acid in the gut wall, the final serosal concentra- 


tion, the mucosal concentration transferred and the serosal concentration 
4-2 


Acetate concn. (mm) 
Initial mucosal and serosal 20-3 
| 
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transferred. Since propionate is not metabolized it was used for these 
experiments, Table 4 gives the results of one complete experiment for 
propionate, in which the amount in the gut wall was determined by two 
methods; (a) by difference between the mucosal transfer and the serosal 
transfer and (b) by direct determination of the amount in the gut wall at 


TaBLe 4. Transfer of propionate and fluid by everted sac of rat jejunum. The initial 
weight of the sac was 1-94,g. Duration of experiment 60 min 


Propionate (umole) 
Mu 


cosal transfer _ 92 
Serosal transfer 54 
Gut uptake as calculated 38 
Gut uptake as estimated 42 

directly 

Fluid (ml.) 

_ Mucosal transfer 3-01 
Serosal transfer 2-34 
Gut uptake 0-67 
Initial gut fluid content 1-29 
Final gut fluid content 1-96 


Propionate concn. (mm) 

Initial mucosal and serosal 10-0 
Final mucosal 7:2 
Final serosal 5-8 
Final conen. gradient | 8-6 
Mucosal conen. transferred 30-6 
Serosal concn. transferred 23-1 
Final gut propionate concn. : 

from gut uptake as calcu- 19-4 


from gut uptake estimated 21-4 
directly 


TaxB_e 5. Comparison of final gut propionate concn. with the serosal concn. transferred and 
the final serosal concn. The initial mucosal and serosal concn. were the same in each experi- 
ment. The figures given are average values for the number of experiments shown. Duration 
of experiments 60 min 


Mucosal - Serosal 
Initial concn, concen. Final 
propionate Numberof transferred transferred Final gut serosal 

concn. (mM) experiments (mm) concn. (mM) concn. (mM) 

5 6 17-4 15-1 9-4 9-2 

10 6 31-5 26-3 18-7 17:2 

20 7 57-9 43-2 35-6 28-9 

46 3 99-5 68- 56-6 53-4 


the end of the experiment. Table 5 shows results obtained from a number 
of experiments, in which the amount of propionate in the gut wall was — 
calculated from the difference between mucosal and serosal transfer. 
From these results it is seen that (1) there is good agreement between the 
values obtained for gut uptake as calculated and as obtained by direct 
determination; (2) the mucosal concentration transferred was always 
greater than the serosal concentration transferred, and (3) the final gut 
concentration was always intermediate between the serosal concentration 


~ 
Na 
<4 
+ 
Rit 
abe 
RS 
3 
. 


ind 


jon 


FATTY ACID ABSORPTION 53 


transferred and the final serosal concentration. The following interpreta- 
tion of these results is offered. The fluid and solutes which are transferred 
by the epithelial cells first pass inte the subepithelial tissues. When these 
can hold no more fluid, the excess spills over into the sac contents. Since 
the gut wall contains initially fluid but no fatty acid, the propionate con- 
centration in the gut wall must be less than the mucosal concentration 
transferred, although it will presumably increase during the course of the 
experiment. If the serosal transfer was only a spill over of fluid from the 
gut wall, the concentration in the fluid being transferred at any instant 
could never exceed the concentration in the gut wall, and the average 
serosal concentration transferred, i.e. what is measured, would probably 
be less than and could not be greater than the final gut concentration. 
In fact the final gut concentration was found to be less than the serosal 
concentration transferred, and this shows that in addition to the spill 
over there is diffusion of propionate from the higher concentration in the 
gut wall to the lower concentration inside the sac, but there has been in- 
sufficient time to achieve equilibrium. The importance of this interpreta- 
tion is to stress that the serosal transfer represents only one fraction of 
what is transferred by the epithelial cells, the rest being in the gut wall. 
It therefore seems preferable to take mucosal transfer as a measure of 
transfer capacity rather than serosal transfer. 


Effect of variations in fatty acid concentration 


The transfer of acetate was studied in concentrations from 5 to 80 mm 
and the results are seen in Figs. 1-3. Figure 1 shows the mucosal transfer 


_ of acetate and water. Acetate transfer increases with increase in initial 


eoncentration up to 60 mm, and beyond this point there is reduction in 
mucosal transfer. In contrast, water transfer remains fairly constant up 
to a concentration of 40mm, but at 60 mm there is some reduction in 
transfer, and at 80 mm a very considerable reduction. Higher concentra- 
tions of acetate evidently have an inhibitory effect on transfer of both 
acetate and fluid. The relation between water transfer and acetate transfer 
is not, however, direct and at least some independent variation of acetate 
and water transfer is possible. | 

Figure 2 shows the mucosal and serosal acetate concentrations trans- 
ferred, i.e. the concentration of acetate in the fluid leaving the mucosal 
solution and the concentration in the fluid entering the serosal side. The 
straight line in Fig. 2 shows what would happen if the concentration trans- 
ferred was equal to initial mucosal and serosal concentrations. Up to an 
initial concentration of 60 mm the concentration of acetate leaving the 
mucosal fluid is greater than the concentration entering the serosal fluid, 
and both are greater than the initial mucosal and serosal concentration. 
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Fig. 1. Effect of initial acetate concentration on mucosal fluid transfer (@) and 
mucosal acetate transfer (O). 
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Fig. 2. Effect of initial acetate concentration on the mucosal acetate concentra- 
tion transferred (@) and serosal acetate. concentration transferred (©). The 
straight line through the origin indicates what would happen if the concentration 


Initial acetate concentration (mM) 


transferred was equal to the initial concentration. 
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Thus, up to 60 mm there is active movement of acetate in the sense that 
concentration of acetate is taking place. At 80 mm there is a dramatic 
change in the serosal concentration transferred, and this becomes negative. 
At this concentration acetate moves into the tissue from the serosal 
fluid, although some fluid is transferred in the reverse direction, i.e. from 
the intestinal wall into the serosal fluid. The mucosal concentration trans- 
ferred, however, continues to increase in spite of evidence of inhibition of 
transfer at high concentrations. Thus a high mucosal concentration trans- 
ferred is not proof of active concentration of acetate by the intestine. The 
reason for this is fairly obvious. Initially there is no acetate in the intes- 
tinal wall and presumably acetate will diffuse in from both sides. If this 
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Initial acetate concentration (mM) 


Fig. 3. Effect of initial acetate concentration on gut fluid uptake (@) 
and gut acetate uptake (0). 


is accompanied by only very small fluid movement, as happens with 80 mm 
acetate, the mucosal concentration transferred may be very high. In con- 
trast, if the serosal concentration transferred is higher than the initial 
mucosal and serosal concentrations, this is good evidence of concentration 
_of a substance by the intestine. 

Figure 3 illustrates the acetate and fluid uptake by the gut and shows 
that up to an initial concentration of 60 mm the fluid uptake by the intes- 
tine remains fairly constant, while the gut acetate uptake is roughly pro- 
portional to the initial concentration. Comparison of Fig. 1 with Fig. 3 
shows that at these concentrations the gut wall retains about one third 
of the fluid transferred from the mucosal side, and slightly more than one 
half of the acetate. The figures are given in Table 6. The proportion of 
water and acetate retained in the tissues remains remarkably constant in 
each case until a high initial concentration of acetate (80 mm) is used, 
when the proportion retained rises sharply. At this stage the amount of 
both acetate and fluid passing into the sac is diminished much more than 
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the amount retained by the intestine, and this is shown in Table 6 by an 


increase in the value of the fraction of mucosal transfer retained in the 
tissue. 


TABLE 6. The fraction of mucosal transfer of acetate and water retained in the gut wall at 
different initial acetate concn. The figures are average values for a number of experiments. 
Duration of experiments 60 min 


Fraction of mucosal transfer 
Initial retained in gut wall 
acetate Number of A 
concn. (mM) experiments Fluid Acetate 

5-2 5 0-33 0-59 
10-1 0-31 0-50 
20-2 13 0-32 0°55 
30-1 0:37 0-57 
40:8 10 0-31 0-52 
57-5 6 0-36 0-65 
80-0 3 0-66 1-00 


Michaelis-Menten kinetics 

If a substance is transferred by an active process one possibility is that 
at least one stage in the process may be the combination of the substance 
with a carrier or an enzyme, and if this stage is rate-limiting then the 
kinetics of the whole process might conform to the type described by 
Michaelis & Menten (1913). In testing this the initial concentration and 
the rate of mucosal transfer have been used. Since there is obvious evi- 
dence of inhibition at 80 mM, values at this concentration were omitted 
from consideration. One of the standard methods of investigating 
Michaelis-Menten kinetics is that used by Lineweaver & Burk (1934) in 
which the reciprocals of the concentration and rate are plotted. A weighted 
regression analysis of the reciprocals of concentration and rate gave a 


regression equation : 
y = 01997 +0-0044, 


where y is the reciprocal of the rate (expressed as pmole/g wet wt. tissue/hr) 
and x of the concentration (expressed as mm). The intercept on the abscissa 
was — 0-022, and the negative reciprocal of this (Michaelis constant) is 
45mm. The 95% confidence limits of this value were 37-57 mmo. Tests 


for curvilinearity did not suggest that a apts line was not the best fit 
for the experimental points. 3 


Transfer of other fatty acids 
Experiments were carried out with different concentrations of the sake 
fatty acids, and the mucosal and serosal transfers in vitro are shown in 
Fig. 4. This shows (1) that inhibitory effects are produced by ‘all the 
fatty acids tested, (2) that the concentration necessary to cause inhibition 
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decreases with increasing length of chain, (3) that there is no obvious 
difference in the rate of transfer of odd and even members of the series, 
and (4), that the inhibitory effects are much more marked on serosal 
transfer than on mucosal transfer. When mucosal transfer is reduced, a 
larger fraction of the total serosal transfer is retained in the gut wall, 
so that what spills over into the sac contents (serosal transfer) is reduced 
much more, relatively, than the mucosal transfer. | 


-and se 100 


r=} 
pmole/g initial wet wt./hr 
8 


Fig. 4. Relation between length of carbon chain and transfer of fatty acid at 
various concentrations. The mucosal transfer is shown by white rectangles and the 
serosal transfer by black rectangles (pmole/g initial wet wt./hr). The lengths of car- 
bon chain were 2 (acetate), 3 (propionate), 4 (butyrate), 5 (n-valerate) and 
6 (n-hexanoate), Each vertical row of mucosal and serosal transfers gives the 
values for the fatty acid indicated above the top line. 


The inhibitory effect of high concentrations of fatty acids is seen also 
on the final concentration gradient; and this is shown in Tables 7 and 8. 
Table 7 gives detailed figures for acetate, including the final mucosal and 
final serosal concentrations. At low concentrations, i.e. up to 40 mm, the 
increase in serosal concentration is greater than the decrease in mucosal, 
owing presumably to the much greater volume of fluid on the mucosal side. 
At 60 mm the increase in serosal is about equal to the decrease in mucosal, 
suggesting that a greater proportion of the mucosal transfer is being 
accumulated in the gut wall, but there is still a positive concentration 
gradient. At 80 mm the inhibition is obvious, with acetate entering the 
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gut wall from both mucosal and serosal fluids. The final serosal concentra- 
tion is less than the initial serosal concentration, and the final concentra- 
tion gradient is negative. Table 8 gives in summary the results with all 
the fatty acids, the figures for acetate being included for comparison with 
the others. Evidence of inhibition at high concentrations is seen in the 
decrease and eventual reversal of final concentration gradient, and the 
concentration necessary to cause inhibition decreases with increasing 
length of carbon chain. This negative concentration gradient has been 


TasLe 7. Final concen. of acetate at different initial concn. The figures are average values 
from a number of experiments. The last column gives the final conen. gradient, which 
is regarded as positive when the final serosal concn. is higher than the final mucosal concn. 
Duration of experiments 60 min 


Concentration (mm) 


No. of Initial mucosal Final Final Final concn. 
experiments and serosal mucosal serosal gradient (mm) 
5 5-2 4-0 8-9 4:9 
3 10-1 8-2 17-6 9-4 
13 20-2 18-3 25-9 76 
10 40-8 38-0 48-4 10-4 
6 57-5 6-8 
3 80-0 755 70-3 — 5-2 


Tasix 8. Effect of initial concn. of fatty acids on the final concn. gradient. The final concn. 
gradient is the difference between final serosal and final mucosal concn. It is considered posi- 
tive when the final serosal is greater than the final mucosal. Duration of experiments 60 min 


Final concentration gradient (mm) 


Initial 
concn, (mM) Acetate Propionate Butyrate Valerate Hexanoate 

5 4-9 6-0 4-6 5-9 5-9 

10 9-4 7:8 8-6 12-5 6-0 

20 7-6 12-2 12-3 15-2 

40 | 10-4 12-0 5-4 — 82 — 

60 6-8 0-9 — 87 — — 


obtained by Smyth & Taylor (1958) in studying the effect of 2:4-dini- 
trophenol on fatty acid transfer, by Parsons et al. (1958) in studying the 
effect of phlorrhizin on glucose transfer, and by Jervis & Smyth (1960) in 
studying the inhibition of amino-acid transfer. In the absence of an active 
entry from the mucosal side substrate will probably diffuse into the gut A 
more or less equally from both sides. If complete equilibrium is not — 
achieved during the experimental period the small volume of serosal fluid 
will result in a greater fall in concentration in the serosal fluid than in the 
mucosal fluid; and hence a negative Gna concentration arenent will be 
obtained. 

The inhibitory effects of higher concentrations of fatty acid are Sh iceed 
not only on the transfer of fatty acid, but also on fluid transfer. Details 
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of this are given in Fig. 5 where it is evident that the concentration neces- 
sary to cause inhibition of water transfer also decreased with increasing 
length of carbon chain. 


Initial concn, (mM) 


Fig. 5. Effect of initial concentration of a number of fatty acids 
on the mucosal fluid transfer. | 


Experiments in vivo 

The comparison of rates of absorption of different fatty acids was also 
studied in vivo, by comparing the amounts of fatty acid disappearing 
from the intestine of the anaesthetized rat in two successive periods in 
one animal. In each period 50 ml. saline containing fatty acid was circu- 
lated through the intestine. In some experiments acetate was present. in 
the intestine during both periods; in other experiments acetate was present 
during one period, but a different fatty acid was present during the other 
period. The results are shown in Table 9. This gives the total amount of 
fatty acid absorbed during the first period and during the second period. 
The third column of figures shows the ratio of the amount of fatty acid 
absorbed in the second period to that absorbed in the first period. When 
acetate was used for both periods the amount,absorbed in the second was 
about 90% of that in the first. A similar figure for glucose was found by 
Jervis et al. (1956) and for some.amino acids by Jervis & Smyth (1959a). 
The last column gives the relative rate of the fatty acid other than acetate, 
compared with the rate for acetate. It is calculated by assuming that a 
rate during the second period of 90 % of that of the first period represents 
equal capacity for absorption for the two fatty acids. The rate for acetate 
is then considered to be 1, and the figure in the last column is the rate 
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relative to this of the other fatty acid studied. For example, in the fifth 
line of the table 365 mole acetate was absorbed during the first period and 
389 umole propionate during the second period. If acetate had been pre- 
sent in the second period it is assumed that the rate would have been 
90 %, of 365, i.e. 329 pmole. The ratio 389:329 = 1-18:1, and this figure, 
given in the last column is therefore a measure of the relative rate of 
absorption of propionate as compared with acetate. In the seventh line 


TaBLE 9. Rates of absorption in vivo of various fatty acids compared with absorption of 
acetate. In all cases the initial concn. of fatty acid was 20 mm, and the initial volume 
50 ml., the duration of the first and second periods 20 min and the interval between the 
two periods 20 min. For explanation of the relative rate in the last column see text. 


Relative 
First period Second period rate of 
- Amount — Amount - comp 

absorbed absorbed b x 100 with 

Fatty acid (umole) a Fatty acid (umole) b -. acetate 
Acetate Acetate 380 92-2 
Acetate 452 Acetate 381 84-2 — 

Acetate 433 Acetate 396 91-5 — 
Acetate 461 Acetate 417 90-5 oe 
Acetate 365 Propionate 389 100-6 1-18 
Acetate 424 Propionate 393 93-0 1-03 
Propionate 512 Acetate 434 ' 85-0 1-06 
Acetate 537 Butyrate ' 480 89-2 0-99 
Acetate 466 Butyrate | 480 102-3 1-14 
Butyrate 530 Acetate 414 778 1-15 
Acetate 432 — Valerate 416 96-4 1-07 
Acetate 442 Valerate 466 105:5 1-17 
_ Valerate 486 Acetate 382 78-5 1-15 
 Valerate 455 Acetate 362 1-13 
Acetate 428 Hexanoate 462 107-9 1-20 
Hexanoate 557 Acetate 408 73-4 1-23 


of the table 512 »mole propionate was absorbed during the first period and 
434 umole acetate during the second. It is assumed that if acetate had 
been present during the first period the amount absorbed would have been 
482 pmole. The ratio 512:482 = 1-06:1. This method can only give ap- 
proximate comparisons, as it ignores the possible effect of the absorption 
of one fatty acid on that of a different fatty acid in a subsequent period. 
None the less, the method offers a relatively simple way of making com- 
parisons and might certainly be expected to show differences between the 
odd and even members of the series if large differences existed. The results 
suggest that propionate, butyrate, valerate and hexanoate may all be 
absorbed at a slightly faster rate than acetate, but there is no evidence of 
a difference between the odd and even members of the series. _ 

It should be noted that there are important differences between the 
experiments in vitro and in vivo. In the former any transfer which occurs 
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must take place against a concentration gradient, but in the latter this 
is not the case, and the amount transferred in vivo might be expected to 
be much greater, depending on how much acetate is transferred by dif- 
fusion in addition to movement by an active process. Exact comparisons 


of rates im vivo and in vitro are not possible, but a rough comparison can 


be made from the figures in Table 3 and Table 9. In both cases the initial 
concentration of acetate is 20 mm. In the experiment in vitro in Table 3 
the mucosal transfer by a sac 30 cm long was 161 pmole/hr. In the experi- 
ments in vivo in Table 9 the average rate of disappearance of acetate 
from the intestine was 440 »mole/20 min for the whole jejunum and ileum. 
The 30 cm sac represents something less than half of the intestine. If the 
intestine transfers equally well in all parts, the transfer in vivo is about 
four times that in vitro. Preliminary experiments at present being carried 
out suggest that the ileum transfers less well than the jejunum, so that 
the difference between the rates in vivo and in vitro might well be greater 
than this. In the absence of further information it is premature to specu- 
late how much of the difference between the rates in vivo and in vitro is 
explained by diffusion, and how much by the different conditions in vivo 
and in vitro. One important difference is that the inhibition of fatty acid 
transfer observed with 20 mm hexanoate in vitro is not observed in vivo. 
This aspect of the problem is being further investigated. 


DISCUSSION 
The experiments described give a more complete stra of the transfers 


of lower fatty acids than has hitherto been available, and their relation to 


water transfer. They confirm previous results that the isolated intestine 


is able to transfer lower fatty acids against a concentration gradient, and 


they extend the previous observations to include also valeric and hexa- 
noic acids. Use of a more extensive range of fatty acids makes it possible 
to compare the transfer of odd and even chain fatty acids. Deuel, Hallman 
& Reifman (1941) suggested a difference in the rate of intestinal absorp- 
tion of odd and even members of the series, but this has not been confirmed 
in the present experiments. Instead it has been found that there is a 
difference in vitro depending on the absolute length of the carbon chain. 
With increase in concentration of fatty acid an inhibitory effect is produced 
on transfer of both fluid and fatty acid, and the concentration necessary 
to produce this effect becomes smaller with increasing length of carbon 
chain. It should be pointed out, however, that the experimental con- 
ditions are very different from those used by Deuel et al. (1941). These 
authors fed the fatty acids by mouth to unanaesthetized rats, and the 
gastric emptying time could play an important part in the results. While 
the intestinal concentrations were not known, the total amounts of fatty 
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acid given were about twice the amount used in our experiments in vivo. 
Comparison of the rates of absorption shows that these were of the same 
order, e.g. Deuel et al. (1941) found an average rate of acetate absorption 
of 62 mg/hr while our figure in vivo was 78 mg/hr. The absorptive activity 
of the intestine is therefore comparable in the two sets of experiments. 
A possible explanation of the different results is the duration of the experi- 
ments. Those of Deuel ef al. (1941) lasted 1 hr, and it is possible that 
different rates of removal of odd and even fatty acids from the blood stream 
by metabolism might cause different rates of absorption. Our experiments 
lasted only 20 min, and differences in blood concentration might therefore 
be much smaller. As regards the actual absorption mechanism, differences 
in surface tension, fat solubility or dissociation of these particular fatty 
acids are not related to oddness or evenness of the chain, and these are 
the properties which might conceivably influence absorption rate. 

The mechanism of transfer of fatty acids still remains obscure. Smyth 
& Taylor (1958) suggested the possibility of a common factor in transfer 
of fatty acid and water, the possible common factor being transfer of 
sodium. They pointed out however that the effect of DNP and phlorrhizin 
showed that inhibition of water and fatty acid transfer did not run parallel. 
In the present experiments the transfer of water and fatty acid also did not 
necessarily run parallel and could vary independently within certain 
limits. On the other hand high concentrations of fatty acid inhibited both 
fatty acid and water transfer, so that there may be some interrelation of 
the movement of water and fatty acid. One possibility is passive transfer 
of fatty acid in an active water stream in addition to active transfer of 
acetate. A similar possibility has been suggested by Smyth & Taylor 
(1957) for glucose. 

The experiments with different concentrations of acetate suggest the 
existence of a mechanism which can be saturated. It is of some interest to 
compare the value of the Michaelis constant with those obtained for other 
substances. Fisher & Parsons (19536) obtained a value of 8—9 mm for 
glucose absorption in vitro and Riklis & Quastel (1958) obtained a value of 
7 mM. Jervis & Smyth (19596) obtained values of 10 mm for L-methionine 
and values of 19-40 mm for p-methionine and D- and t-histidine, and sug- 
gested that p-methionine and D- and L-histidine had a low affinity for the 
transfer mechanism. The value obtained here for acetate would put it also 
in the class of substances with a low affinity for the transfer mechanism. 
The interpretation of Michaelis-Menten kinetics in absorption studies 
requires considerable care. Jervis & Smyth (1959) have pointed out that 
there may be very large errors in the determination of the Michaelis con- 
stant, and apart from this, various authors, e.g. Fisher & Parsons (19535) 
and Widdas (1952), have stressed that’ a number of different. kinds of 


» 

| 
4 
i 
> 
a 


FATTY ACID ABSORPTION 63 


processes may show Michaelis-Menten kinetics. Apart from the question 
what kinds of processes exhibit Michaelis-Menten kinetics there is the 
possibility that experimental results obtained with a certain experimental 
error may suggest kinetic relationships resembling Michaelis-Menten 
form. The statistical procedures used show that the assumption of a 
straight-line relationship between the reciprocals of rate and concentra- 
tion is consistent with the experimental data, but other kinetic relation- 
ships approximating only within certain limits to Michaelis-Menten 
kinetics could permit a similar conclusion. It would be safe to conclude 


_ that the results are not inconsistent with the concept of formation of a 


carrier or participation of an enzyme process, but it would be unwise to 
go further than this. 

Another possibility is that suggested by Brodie & Hogben (1957) that 
the movement of acetate across the intestinal membrane may depend on 
differences in pH on the two sides of the membranes. If the un-ionized 
part of the molecule is in equilibrium on both sides of the membrane, 


difference in dissociation would lead to different concentrations of fatty 


acid. According to this view production of pH changes could be an 
important factor in fatty acid transfer. Since the presence of glucose leads 


_ to different pH values on the mucosal and serosal sides (Wilson, 1954) this 


would provide a possible explanation for the findings of Smyth & Taylor 
(1958) on the effect of glucose and inhibitors of glucose transfer on fatty 
acid transfer. It is even possible that the kinetic relationship observed 
with different concentrations of fatty acids might be related to the effect 
of these on glucose uptake and lactic acid production. Our experiments 
do not test this hypothesis, but further experiments are being designed 
to do so. | 

The results provide some basis for discussing the interpretation of 
experiments in vitro, and we envisage the following processes taking place. 
Fluid and solutes are taken up by the epithelial cells from the mucosal 
fluid, and this probably corresponds to the first process in physiological 
absorption. The fluid and solutes are then transferred into the subepithe- 
lial spaces, and would in vivo be removed by the blood or lymph. Removal 
by the blood stream cannot occur in vitro and the fluid therefore accumu- 
lates in the tissue spaces in the gut wall. When no more fluid can be 
accumulated some spills over into the sac contents. In addition, diffusion 
of solute also occurs from the higher concentration in the gut wall to the 
lower concentration in the serosal fluid. It seems to us therefore that the 
process most nearly related to physiological absorption is mucosal transfer 
either of fluid or of solutes, and that serosal transfer represents only a 
fraction of this. This fraction is different. for different substances, e.g. 
the figures for Table 4 show that it is 54/92 or 0-59 for propionate and 
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2-34/3-01 or 0-78 for water. Furthermore, the fraction is not constant 


even for one substance, as is shown in Table 6. If the activity of the epithe- 


lial cells is to be measured by the change in the serosal side, then the 
introduction of a term ‘total serosal transfer’ would be necessary, which 
would include the increase in the sac contents and in the sac wall. It is 
perhaps useful to relate our terminology to that used by other authors. 
What has been called in this paper ‘serosal transfer’ as distinct from 
‘total serosal transfer’, is equivalent to what was termed ‘absorption’ by 
Darlington & Quastel (1953) and Wilson (1956a@); ‘Qyuetrate transferred 
by Wilson & Wiseman (1954) and Wilson (1956b); ‘transference’ by 
Wiseman (1955), ‘transfer’ by Agar, Hird & Sidhu (1953); and ‘trans- 


port’ by Wilson (1956c), and Crane & Wilson (1958). According to the 


concept put forward here these terms all refer only to an unknown fraction 
of what is transferred through the mucosal cells. 


While mucosal transfer is usually preferable to serosal transfer as an 


index of absorption capacity, there are some important aspects of serosal 
measurements, and these apply particularly to concentration changes. 
In cases of small fluid transfer a_high mucosal concentration transferred 
does not necessarily indicate active concentrating capacity, whereas a 
high serosal concentration transferred does so. The advantage of serosal 
concentration transferred over final serosal concentration is that it is a 
more sensitive index, since the final serosal concentration is an average 
value dependent on the serosal concentration transferred and the initial 
serosal concentration. Wilson & Wiseman (1954) first used the everted 
sac to study movement against a concentration gradient. The concept of 
mucosal transfer and its relation to physiological absorption extend the 
usefulness of the everted sac, by making it possible to measure how much 
of a substance can be moved against a particular concentration gradient. 


SUMMARY 


1. Experiments have been carried out both in vivo and in vitro on the 
transfer by the rat small intestine of acetate, propionate, matyrpte, vale- 
rate and hexanoate. 

2. All these fatty acids can be transferred i in vitro against: a concentra- 
tion gradient. 

3. There is no difference between the odd and even members of the 
series as regards rate of transfer, either in vivo or in vitro. 

4. Higher concentrations of all the fatty acids have an inhibitory effect 
in vitro on transfer of fatty acid and fluid and the concentration necessary 
to cause this inhibition decreases with increasing length of chain. 

5. The significance of mucosal and serosal transfers in vitro is discussed 
and their relation to physiological absorption. 
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MODULATION THRESHOLDS FOR SINUSOIDAL LIGHT 
DISTRIBUTIONS ON THE RETINA 


By G. WESTHEIMER 
From the Ohio State University, Columbus 10, Ohio, U.S.A. 


(Received 4 December 1959) 


In an optical system, the ‘contrast transfer function’ describes the 
relationship between the contrast of test objects whose intensity varies 
sinusoidally with distance and the contrast of their corresponding images 
at various spatial frequencies (lines/unit distance). It conveys more in- 
formation about the characteristics of the system than does the specifica- _ 
tion of only the resolving power. This approach, widely applied to electrical 
systems, is strengthened by the formal identity of the transformation 
equations in diffraction theory between objects and images with those of 
Fourier analysis and synthesis (Hopkins, 1953). The method can also be 
applied to the response of a receiving layer, such as photographic film. 
When a sequence of optical and receiving systems is used in series, the total 
response of the whole system is deducible from those of its components, 
provided the principle of linearity holds. 

In a physical system when carrying out a sine-wave analysis, one deter- 
mines the output magnitude for a constant input at various frequencies, 
but this is not readily feasible in the case of the visual system. Instead, 


one may reverse the procedure and measure the input required for a 


constant output, for example, a threshold response. In the present paper 
data will be presented of the application of such an approach to the retinal 
and central stages of the visual process, excluding the purely optical ones 
of the eye. 


METHODS 


Sinusoidal fringes were created on the retina by a method based on Young’s double-slit 
interference experiment, and this pattern was used to modulate a field of uniform retinal 
illumination. Light from a compact filament 6 V, 2°75 A lamp (V) is brought to a focus in 
the plane of a narrow slit, S (Fig. la). After being collimated by lens L, the beam from the 
slit passes through JF, an interference filter (Amsx, = 555 my), and RR, a 2x2 in, 
(5x 5em) Ronchi ruling (150 lines/in.; 60 lines/em), The diffraction image is brought to a 
focus in plane P, by lens L,. Here is placed a mask that blocks out all but the zero-order 
and the two first-order images of the diffraction pattern. The zero-order is passed through a 
strip of polaroid and the two first-order images are passed through pieces of polaroid cut ina 
direction perpendicular to that for the first-order image. These beams are then focused in 
the pupil of the subject’s eye by lens L,. A single sheet of analysing polaroid, “4 . also 
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% 
placed in the beam. When its direction is parallel to that of the polaroid in the zero-order 
beam, only the latter enters the eye. It produces a field of uniform retinal illumination 
(Fig. 16). When the analyser is now rotated through 90°, only the two first-order beams are 
imaged in the pupil. They constitute two coherent images which give rise to Young’s 
interference fringes on the retina unaffected by defocusing of the optics of the eye or by 
aberrations in the usual sense. 
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Fig. 1. (a) Schematic diagram to illustrate optical arrangement used to create 
interference fringes on the retina. A slit S is illuminated by light from a lamp V 
focused by lens L,. A collimated beam from the slit passes through //’, an inter- 
ference filter, and RR, a Ronchi ruling with 150 lines/in. (60 lines/em). The dif- 
fraction pattern is imaged by lens L, in P,. A mask M screens all but the zero- 
and the two first-order diffraction images. The zero-order image passes through 
a piece of polaroid and the two first-order images pass through other pieces of 
polaroid at right angles to the former. The pattern in P, is imaged by lens L, in P,, 
the plane of the pupil of the subject’s eye. An analysing polaroid A permits the 
presentation of the zero-order image only, or of the two first-order images only, 
or of both in proportions according to the sin* law. (b) Uniform intensity distri- 
bution on retina when only the zero-order image is transmitted by analyser. 
(c) Sinusoidal intensity distribution when only the two first-order images are trans- 
mitted, (d) Modulated sinusoidal distribution in an intermediate position of the 
analysing polaroid. The normalized ratio H/AE at threshold visibility for a given 
spatial frequency was used to define the modulation sensitivity at that frequency. 


The intensity distribution on the retina is then sinusoidal (Fig. lc). Expressed in quanti- 
ties applying to the object space of the eye, the visual angle corresponding to the separation 
of two successive maxima is given by the equation 


Aa = A/2a, (1) 


where A is the wave Jength in air of the light used, and 2a the separation of the two first- 


order images in the pupil. When expressed in this way, Aa is a visual angle in air and is 
measured in radians. 


If the light fux in the zero-order image is equal to the total flux in the two first-order 


wis 
3 
a 
i 
4 
f 
i 
may 
‘ 
A 
| 
ag 
| 
| 
4 


in ti- 
tion 


(1). 


irst- 
id is 


rder 


MODULATION THRESHOLDS OF RETINA 69 


images, E(«), the distribution of illumination across the retina as a function of the visual 
angle «, is given by 
E(«) = cos* sin? (cos(2ma/Aa) + 1), (2) 


where @ is the orientation of the analysing polaroid with respect to that of the polaroid 
through which the zero-order beam is passing. When @ = 0, E(«) is a constant, E. When 
6 = 4a, E(a) = H(cos (27a/Aa) +1), ie. the retinal illumination is a sinusoidal function of 
frequency (Aa)~* and has crests of height 2H and troughs of zero. By varying @ within the 
limits of 0 and $7, one can obtain any modulation of the amplitude of the sinusoidal image 
distribution, the mean retinal illumination level # remaining constant. While the assump- 
tion of 100% modulation at 6 = 47 is somewhat idealized, because it neglects to take into 
account possible scattering of the beams within the eye, the actual distribution is not likely 
to differ from this by more than a few per cent. 

The subject places his eye so that the image of P,, as formed by lens L,, falls in the pupil 
of his eye. He seés the available area of L, filled with monochromatic light. When 0 = $2, 
the area is traversed by stripes and as the polaroid is rotated towards @ = 0 the fringes 
gradually become diluted by the uniform field that is seen as @ approaches zero. In the 
apparatus the total flux in the two first-order images falls a few per cent short of that in the 
zero-order image. This difference, accurately determined by placing a photomultiplier in the 
plane usually occupied by the pupil of the eye, is taken into account in the computation by 
which the modulation is obtained from the angle of the analyser at threshold. 

The spatial frequency, i.e. the number of complete sinusoidal intensity cycles per unit 
distance along the retina, can be varied by changing the position of the lens L, and the 
plane of the pupil to produce images with several different magnifications of the pattern 
in P, in the subject’s pupil. The relationship between the spatial frequency (1/Aa) and 
the separation 2a of the two first-order images in the pupil is given by equation (1). The 
current in lamp V can be varied to control the retinal illumination of the field seen in 
lens L,. During most of the experiments the retinal illumination was held constant at 
a level determined by visual match to be equivalent to that of a field of about 30 cd/m?* 
seen by an eye with a 5mm entrance pupil (2200 td). Changes in the light flux may 
also be produced by varying the slit width of S. This cannot, however, be done indis- 
criminately, since the slit width affects the coherence of the radiation in the two first-order 
images, interference of which is the basis of the fringe pattern on the retina. In fact, an 
increase in the slit width decreases the visibility of the fringes and this is an alternative 
method of producing gradual dilution of the pattern. In this study a slit width was used 
that was determined experimentally to produce effectively coherent images. This was 
done by finding the angle @ for extinction of the fringes as a function of slit width, At each 
spatial frequency a slit width was used that is well within the range of independence of 
threshold dilution with respect to slit width. 

Procedure. The subject had one eye occluded and placed his other eye, without any spec- 
tacle correction, so that the image of the pattern in P, fell accurately in the centre of his 
pupil. He then rotated the analysing polaroid from the position @ = $7 until the fringes 
could no longer be distinguished. This was repeated five or ten times, depending on the spread 
of the results, at each spatial frequency used. Finally, the absolute resolution threshold was 
determined by setting @ = }7 (100% modulation) and moving lens L, and the subject to 
increase the spatial frequency until fringes could no longer be distinguished. 

In graphing the results, the lead of Schade (1956) was followed in the use of the normalized 
ratio B/AE, where £ is the average level of the retinal illumination and AE the peak-to- 
peak modulation required for threshold at a given spatial frequency (Fig. 1d). The ratio 
will here be called modulation sensitivity. It is a measure of the responsiveness of the visual 
system and is inversely related to the modulation at the threshold of fringe visibility at a 
given spatial frequency. | 
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RESULTS 


Measurements of the minimum modulation required for threshold 
fringe visibility were obtained at five fringe widths (spatial frequencies) 
for three normal observers. In addition, the absolute threshold for fringe 
resolution at 100° modulation was obtained for each observer. 
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Fig. 2. Average values of modulation sensitivity of three normal observers at 
various spatial frequencies, normalized at 0-08 cycles/minute of arc, and an 
averaged curve (log.scales). @, WI; (], WE; A, KI. 


Each subject’s results are normalized to make the ratio H/AE equal 
to unity at the lowest frequency used, 0-08 cycles/minute of arc. The nor- 
malization factors for the three observers WI, WE and KI are 0-323, 
0-329 and 0-270, respectively. The mean modulation sensitivity for each 
observer at each spatial frequency used is shown in Fig. 2 on logarithmic 
co-ordinates and an average curve is drawn for all three observers. 

It is difficult to increase the illumination level with the apparatus used 
because it is wasteful of light. By overrunning the lamp for short periods, 
however, it was possible to test whether any important changes occur in 
the modulation sensitivity curve as a function of retinal illumination in 
the photopic region. No significant changes were found in the range of 
about 1 log,) unit above and below the level used, i.e. in the range between 
about 200 and about 20,000 td. This is not unexpected since such other 
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psycho-physical thresholds as visual acuity and brightaees discrimination 
remain essentially unchanged in this region. 


05 
| 
g Entrance pupil diam. (mm) 
=.02 
2 
0-1 0-5 10 20.30 


Spatial frequency (cycles/minute of arc) 


Fig. 3. Contrast transfer functions (ratios of contrasts in images and corresponding 
objects for sinusoidal light distributions) of optical system like that of the human 
eye but free from aberrations with round pupil of various diameters in mono- 
chromatic light of wave-length A = 555 my (log.scales). 


DISCUSSION 

Figure 3 shows for various pupil sizes, for an optical system like the 
eye’s but free from aberration, the loss of contrast between object and 
image for an object made of a series of bright and dark lines, the light 
intensity varying sinusoidally from one line to the next (Hopkins, 1953). 
When the lines are far apart, diffraction has little effect on reducing con- 
trast, but as they are brought closer together contrast is lost relatively 
quickly. When the lines are separated by A/D radians, where D is the dia- 
meter of the eye’s pupil, diffraction has spread each out in such a way that 
the light distribution on the retina is uniform and resolution is impossible, 
irrespective of whether the receptive layer is capable of it. 

The experiments here described show that, if one produces across the 
retina a similar series of bright and dark lines with sinusoidal variation 
in intensity and varies their contrast, quite suddenly a much bigger con- 
trast is needed for the lines to be seen. There is similarity between the 
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experimentally measured retinal modulation sensitivity curve (Fig. 2) 
and the theoretical contrast transfer function for an ideal optical system 
like the eye’s with a 2 mm round pupil (Fig. 3). 

In the experiment, when the line spacing at the retina is reduced 
below 34-38 seconds of arc for the width of a single dark or bright line, 
i.e. beyond 0-80—0-87 cycles/minute of arc, resolution is no longer achieved, 
even with 100 % contrast. This measurement of the limit of spatial resolu- 
tion of the visual system, obtained by a method substantially independent 
of the optical system of the eye, is in good accord with the results of most 
previous comparable experiments (O’Brien, 1951), although occasionally a 
study will report a threshold of grating visibility at a significantly higher 
frequency (Byram, 1944). There was no evidence in any of the three subjects 
of the effects described by Byram, who claimed to have seen short crooked 
line segments at very high spatial frequencies (> 1-3 cycles/minute of 
arc). It must be admitted that when using interference methods, as 
Byram did, it is difficult to avoid creating pattern components due to 
extraneous effects. With 100°% modulation the subjects in this study all 
saw fine dark lines, restricted to the region of the point fixated, which 
disappeared into the background as the spatial frequency was increased 
beyond the threshold. 

Previous investigators (Hartridge, 1918, 1922; Shlaer, 1937) could make 
only tentative statements, based on computation, about the retinal light 
distribution at the threshold of resolution, particularly about the depth of 
the minimum between two adjacent maxima just distinguishable as 
separate. The present study affords a quantitative description, based on 
direct measurement with a repetitive pattern, of the minimum required 
at the retina for resolution threshold when adjacent maxima are sepa- 
rated by various distances. The results generally confirm the conclusion 
_ that ordinarily the limit of visual resolution is set by the retina or visual 
pathway, even though the optical system of the eye (Fig. 3) can poten- 
tially allow a better performance when the pupil diameter exceeds 
about 2 mm. 

The visual response to illumination gradients (e.g. Mach bands) suggests 
that there might be somewhere in the visual system a spatial ‘high pass 
filter’, i.e. that the response to low frequencies might be relatively attenu- 
ated. Schade (1956) gives response curves for the whole visual system, 
including the optics of the eye, showing such low-frequency attenuation 
dependent on the luminance level, although his basic data are not fully 
presented. In the present study no such attenuation was demonstrated in 
_ the photopic region over the range of spatial frequencies covered. (See 
Fig. 2; it was ascertained by check tests, not shown in the figure, that the 
curve is ee decreasing.) 
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It might appear to be a direct step from the results shown in Fig. 2 
to the prediction by means of Fourier synthesis of responses to light 
distributions more complex than sinusoidal ones. In this kind of approach 
one would multiply each Fourier component of the light distribution on 
the retina with a weighting factor—a function of spatial frequency—which 
defines the response characteristics of the visual system. Fourier syn- 
thesis would then permit the prediction of the final visual response—the 
apparent brightness distribution in the visual field. But the modulation 
sensitivity curve shown in Fig. 2 was obtained by threshold methods and 
is, therefore, not necessarily identical with the curve of ratios of image 
and object contrasts for equality of non-threshold response with which 
one would have to multiply the Fourier components of input light distribu- 
tions for the purpose of Fourier synthesis. Before extending the applica- 
tion of Fourier methods in this way, it would first be necessary to obtain 
by direct measurement a curve of the contrasts that are required for 
equality of non-threshold responses at various spatial frequencies. It would 
also have to be determined whether the principle of additivity holds in this 
system. 

The results in the present paper are, however, directly applicable 
to the use of Fourier methods in the analysis of the optical system of the 
eye. They provide the basis for the evaluation by psycho-physical means 
of the contrast transfer function of the optics of the eye under various 
conditions of pupil size, aberrations, defocusing, and so on. Such an ap- 
proach will permit the specific description of retinal light distributions 
which is so desirable in experiments in which the intact optics of the eye are 
used in the investigation of the physiology of the retina and the visual 
pathway. 


SUMMARY 


1. By a method based on Young’s double-slit interference experiment, 
a retinal light distribution was created in which intensity varies sinu- 
soidally with distance. This pattern was used to modulate a field of uniform 
retinal illumination. The average retina] illumination remained constant 
at 2200 td. Monochromatic light of wave-length 555 my was used. 

2. The minimum depth of modulation required for visibility of fringes 
was measured at various spatial frequencies (fringes/minute of arc) in 
three normal observers. | 

3. The average modulation sensitivity curve when normalized is 
similar to the theoretical contrast transfer function of a perfect optical 
system like the eye’s with a round pupil of 2 mm diameter. 

4. The values for the absolute threshold for fringe resolution at 100% 
modulation in the three observers ranged from 0-80 to 0-87 cycles/minute 
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of arc, i.e. 34-38 seconds of arc for the width of a single light or dark 
bar at threshold. 

5. The optical arrangement ensured that the retinal illumination pattern 
remained unaffected by aberrations or defocusing of the optical system 
of the eye. The measurements were thus functions of only the retinal 
and central stages of the visual process. 

This work was supported in part by the U.S. Office of Naval Research under a contract 


with The Ohio State University Research Foundation and in part by grant B-2202 fora the 
National Institutes of Health, U.S. Public Health Service. 


REFERENCES 
Byram, G. M. (1944). Physical and photochemical basis of visual ewe power. J. opt. 
Soc. Amer. 34, 718-738. 
ee” H. (1918). Chromatic aberration and resolving power of the eye. J. Physiol. 52, 
175-246. 


Hasson, H. (1922). Visual acuity and the resolving power of the eye. J. Physiol. 57, 
52-67. 
on H. H. (1953). On the diffraction theory of optical images. Proc. Roy. Soc. A, 217, 


sd ao Fag (1951). Vision and resolution in the central retina. J. opt. Soc. Amer. Al, 
Somaneg, O. H. (+009). Optical and photoelectric analog of the eye. J. opt. Soc. Amer. 46, 


721-739. 
saa aC = (1937). The relation between visual acuity and illumination. J. gen. Physiol. 21, 


‘4 
i 
i 
| 
i 4 
3 
4 
ze i 
‘2 5 
« 
3 
{4 
ha 
4 
ts 
| 
| 
‘ 
. 


J. Physiol. (1960), 152, pp. 75-86 15 
With 1 plate and 4 text-figures 


Printed in Great Britain 


THE EFFECT OF BRADYKININ, SERUM KALLIKREIN AND 
OTHER ENDOGENOUS SUBSTANCES ON CAPILLARY 
PERMEABILITY IN THE GUINEA-PIG 


By K. D. BHOOLA*, J. D. CALLE anp M. SCHACHTER 
From the Department of Physiology, University College London 


(Received 9 December 1959) 


Experiments with crude preparations of bradykinin have shown that 
they increase capillary permeability in the guinea-pig, rabbit (Holdstock, 
Mathias & Schachter, 1957) and man (Herxheimer & Schachter, 1959). The 
present experiments with highly purified preparations demonstrated that 
bradykinin is indeed a very potent enhancer of permeability. It was of 


interest therefore to study also the effect of serum kallikrein on capillary 


permeability, since this substance occurs normally in an inactive form in 
the blood of man and animals, and when activated releases kallidin, a 
polypeptide closely resembling bradykinin (see Frey, Kraut & Werle, 
1950; Werle, 1955, 1960). Serum kallikrein was also found to be effective 
in increasing capillary permeability, and our results suggest that this 
activity is, in fact, due to the release of kallidin. The effects of serum 
kallikrein and bradykinin were similar qualitatively and quantitatively 
and both differed in a number of ways from the effect of histamine. 

Since plasmin, the fibrinolytic enzyme in plasma, resembles kallikrein 
in that it exists in blood in an inactive but activable form (Miilertz, 
1956; Biggs & MacFarlane, 1957), and has been found by some workers 
to be a potent releaser of a substance indistinguishable from bradykinin 
(Beraldo, 1950; Lewis, 1958), we compared its properties with those of 
serum kallikrein. Our experiments showed that kallikrein differed from 
plasmin in several ways. Plasmin was relatively ineffective in increasing 
capillary permeability and failed to release a smooth-muscle stimulating 
agent from plasma under conditions in which serum kallikrein was very 
active; on the other hand, plasmin was far more effective than kallikrein 
in producing fibrinolysis. 

A preliminary communication of some of these results has previously 
been made to the Physiological Society (Bhoola & Schachter, 1959). 


* M.R.C. Scholar. 
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METHODS 


Capillary permeability. Albino guinea-pigs weighing 350-450 g were clipped of their fur 
and the skin of both flanks was depilated, beginning close to the dorsal mid line and extend- 
ing 4-6 em ventrally, between hips and shoulders. ‘The guinea-pigs were injected intra- 
venously with a 5% solution of pontamine sky blue 6BX (E. Gurr) in saline via the saphe- 
nous vein (Miles & Miles, 1952) in a dose of 1-2 ml./kg. Intradermal injections of the 
various test substances in saline were then made in 0-1 ml. volumes with syringes of 0-25 ml. 
capacity fitted with fine, short-bevelled, intradermal needles (} in. (1-3 cm), gauge No. 26). 
Needles were carefully sharpened on a fine stone before each experiment. The diameter of 
the blue lesion at the site of injection, due to dye leaving the circulation, was measured 
25 min after the intradermal injection. The size of the lesion was taken as the mean of the 
largest diameter and the one at right angles to it, measurements being made on the unanaes- 
thetized animal. Lesions measuring less than 3 mm are not significant since a mean dia- 
meter of this size represents ‘traumatic’ blueing due to the injury of injection. | 

Bradykinin, serum kallikrein and histamine were injected in concentrations of 200, 50, 10, 
2 and 0-5 ng/ml. in 0-1 ml. volumes, each substance in a row on the flank of the guinea-pig, 
as is shown in Pl. 1, fig. 1. In order to derive dose—response curves for each substance it was 
found necessary to vary only the positions of the rows of different substances relative to one 
another on the flank. Both flanks of the animal were injected in succession in this way, the | 
lesion diameters measured, and dose-response curves obtained, each point on the curve 
representing the mean diameter of a minimum number of six lesions in at least three animals. 
This procedure was adopted because of its relative simplicity and because we found in 
preliminary experiments that complete randomization of different doses of these sub- 
stances in Latin square distributions on the flank revealed no significant variation in the 
size of lesions produced by the same concentration of a substance in different locations. This 
is correct, provided that the region of the flank injected is confined between hip and shoulder, | 
and does not extend ventrally for more than 4cm from the dorsal mid line. Injections 
made beyond this limit ventrally produce progressively larger lesions with the same con- 
centration of drug. 

To test the effect of the antihistamine drug mepyramine the following procedure was 
adopted. The various test substances were injected intradermally after the animal had been 
injected with pontamine blue, and measurements of the lesions were made 25 min later as 
already described. The animal was then injected with mepyramine (0-1 mg/kg) via the 
saphenous vein, and intradermal injections of the test substances were repeated on the 
other flank. Twenty-five minutes later these lesions were measured and compared with 
those obtained in the same animal before treatment with mepyramine. 

Soya-bean trypsin inhibitor (SBTI) and ovomucoid trypsin inhibitor (OI) were incubated 
for 30.min at room temperature with bradykinin, kallikrein or histamine when tested for 
their inhibitory activity. In some animals a concentration of SBTI of 200 pg/ml. itself 


produced an increase in permeability. Animals used for testing were therefore given an 


initial injection of SBTI to ascertain that ay did not react to the drug in the concentration 
being used. 

Fibrinolysis. For measuring fibrinolysis the fibrin plate method described by ines & 
Miillertz (1952) was used, but with some minor modifications which we found necessary to 
provide a suitable consistency of fibrin clot for quantitative measurements of lysis under 
our conditions. The fibrin clots were made on Petri dishes of 10 cm diameter by clotting 
8 ml. of 0-15% (clottable protein) of purified human fibrinogen solution with 0-17 ml. of 
bovine thrombin (17 u.). The fibrin plates were incubated for 1 hr at 37° C, a procedure 
which provided a@ clot of suitable and constant consistency. A drop of 0-03 ml. of each 
enzyme solution in veronal buffer was then carefully placed on the fibrin surface from @ 
micropipette. The plate was divided into four compartments and at least eight spots could 
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be applied to each plate. They were incubated for approximately 16 hr at 37° C and the 
diameters of each lysed area measured. Inhibitors (SBTI and OI) were made up in the 
same buffer and mixed with the test solutions for 30 min before applying a drop of 
the mixture to the fibrin plate in the same way. 

Isolated guinea-pig ilewm. A loop of ileum was suspended in an 18 ml. bath of Mg-free 
Tyrode solution containing atropine and mepyramine (10-* g/1.). 


Drugs and other materials 


Bradykinin was prepared by the action of orystantine trypsin on heated ox serum globulin 
(Holdstock e¢ al. 1957) and purified chr hically so that it contained 900 u./mg 
freeze-dried material, in terms of the units of Rocha e Silva, Beraldo & Rosenfeld (1949) 
when tested on the guinea-pig ileum. This bradykinin preparation was kindly provided by 
Mr W. A. Jones and Dr I. M. Lockhart. 

Serum kallikrein was prepared by the casein adsorption method (Werle, 1936) and purified 
by fractionation with acetone, alcohol and ammonium sulphate. Our two preparations, 
kindly provided by Professor E. Werle, contained 3 and 35 kallikrein u./mg protein. The 
kallikrein solutions, containing a trace of toluol as a preservative, were dialysed against 
saline for several hours in the cold before experiments. Solutions were kept frozen until 
required and once thawed were not used again, as activity was found to decline with 
thawing and re-freezing of the purer preparations. The weights of serum kallikrein are 
expressed as weights of protein, based on nitrogen determinations. 

Plasmin was a freeze-dried preparation made from human plasminogen activated by 
streptokinase. It was provided by Merck, Sharp and Dohme, Ltd. 

Thrombin. Bovine thrombine, approximately 30 u./mg (8. Maw, Ltd.) - 

Fibrinogen. Purified human fibrinogen, 80-90% clottable protein (Blood Products 
Laboratory, Lister Institute, Elstree). 

Salivary kallikrein was a freeze-dried preparation from human saliva, as described by 
Holdstock e¢ al. (1957). 

Trypsin. Crystalline trypsin (Armour), 2640 u./mg. 

Serum and plasma. Human blood, for plasma, was obtained by venepuncture and col- 
lected in heparin. Guinea-pig serum or plasma (+ heparin) was obtained by cutting the 

jugular vein, after ee the animal by a blow on the head. Some of these were heated to 
56° C for 3 hr. 

Veronal buffer was made up according to the method of pe & Miillertz (1952) 
and consisted of 662 ml. 0-1 m sodium diethyl barbiturate mixed with 338 ml. 0-1m-HCl 
diluted with 320 ml. distilled water. The pH of this buffer was 7-8 and ionic strength (J) 0-05. 

Soya bean and ovomucoid trypsin inhibitors were crystalline preparations (Worthington). 

Histamine, atropine and mepyramine were used as acid phosphate, sulphate and maleate 
respectively; weights of histamine are expressed as base. 


Capillary permeability 
Comparison of bradykinin, serum kallikrein, histamine and : elena 
Bradykinin and serum kallikrein, when injected intradermally into 
guinea-pigs with circulating pontamine blue dye, regularly increased 
capillary permeability and produced lesions of a more intense blue colour 
than those produced by histamine. In general, increased blueing appeared 


_ within 2-3 min of intradermal injection of these substances, whereas the 


delay was 4-6 min after injection of histamine. Bradykinin and kallikrein, 
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though still impure, were more effective than histamine in the lower 
concentrations. The dose-response curves for bradykinin and kallikrein, 
however, unlike that for histamine, showed a pronounced flattening with 
the higher concentrations (PI. 1, fig. 1; Text-fig. 1). The size of the lesion 
was fully developed in 20-30 min in all instances, and no significant in- 
crease was detected after 2 hr. 


12 3 y 


11; 


(mm) 


10 50-200 

Dose (yg/ml., log. scale) 

Text. fig. 1. einem curves of histamine (H), serum kallikrein (K) anak 
bradykinin (B) in increasing capillary permeability in guinea-pigs with circulating 
pontamine blue. dye. 0-1 ml. of each solution was injected intradermally. K +SI, 
serum kallikrein+soya-bean trypsin inhibitor (200 ug/ml.) incubated at room 
temperature for 30 min before injection of 0-1 ml. of mixture. 


A preparation of human plasmin, which had high fibrinolytic activity, 
was without effect on capillary permeability. In three animals tested a 
significant response to intradermal ‘injections began to appear only at 
concentrations of 500 »g/ml., indicating activity aioe 1000 times 
less than that of the other substances (PI. 1, fig. 2). 

Effects of inhibitors. Soya bean trypsin inhibitor (SBTI) i in a con- 
centration of 200 ug/ml. reduced the permeability-enhancing property of 
serum kallikrein 50-100 times (Text-fig. 1) on incubation (30 min; room 
_ temperature) with solutions of kallikrein containing 0-25-3-0u./ml., or 
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less. The effects of higher concentrations of SBTI could not be studied, 
because in some guinea-pigs a concentration of 200 pg/ml. of SBTI itself 
produced a significant increase in capillary permeability. Ovomucoid 
trypsin inhibitor (OI), in concentrations up to 500 yg/ml., failed to affect 
the permeability-increasing activity of kallikrein under the same condi- 
tions. Pre-treatment of the animal with mepyramine (0-1 mg/kg, I.v.) was 
also without effect (Pl. 1, fig. 3). 

The action of bradykinin was unaffected by incubation with SBTI or 
OI as described above, Also, the dose-response curve of animals pre- 
treated with mepyramine remained unchanged. 

Histamine, like bradykinin, was unaffected by SBTI or OI throughout 
its activity range, but was practically completely antagonized by pre: 
treatment of the animal with mepyramine (PI. 1, fig. 3). 


Release of kallidin by serum kallikrein and by plasmin 
Serum kallikrein was a potent releaser of kallidin not only from the 
plasma of the guinea-pig, but also from those of man, ox, dog, cat and 
rabbit. Heated (56° C, 3 hr) dialysed plasma was used in most experiments 
(to eliminate the release of kallidin by dilution, and to destroy the inacti- 
vators of kallidin and of kallikrein), but similar results were obtained with 


unheated plasma. We could readily detect the release of kallidin from 


human or guinea-pig plasma with less than 0-15 u. of kallikrein, using the 
isolated guinea-pig ileum as a test object. This was observed regularly 
either when plasma (0-2—0-5 ml.) was incubated with kallikrein for 1 min 
and then tested, or when 0-5 mi. plasma was added to the bath containing 
the ileum and the kallikrein then added to the bath contents. In this 
case the final concentration of kallikrein was approximately 0-01 kallikrein 
u./ml. or 0-3 ug protein/ml. of our purer preparation. In terms of the 
purest preparations described by the German workers (Frey et al. 1950), 
this represents a concentration of less than 0-01 yg kallikrein/ml. The 
release of kallidin by serum kallikrein is readily prevented by incubation 
of the latter with SBTI. Text-figure 2 shows the kallidin-releasing action 
of kallikrein on heated guinea-pig plasma and the inhibition of this 


release by preliminary incubation of the kallikrein solution wilh SBTI. 


This figure also shows that after inhibition of release by SBTI, kallidin 
may still be released from a mixture of plasma and inactivated kallikrein by 
addition of excess kallikrein. 

A comparison of a potent fibrinolytic preparation of human plasmin 
(see below) with serum kallikrein indicated that the latter was at least 
several hundred times the more active of the two in releasing kallidin from 
heated (56° CO, 3 hr) guinea-pig or human plasma. In fact, even when 1 mg 
plasmin was added to the test bath containing heated plasma, evidence of 
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release of a smooth-muscle stimulant was doubtful. Similar results were 
obtained with unheated plasma. The rapid release of kallidin from guinea- 


pig and from human plasma under conditions when equal or greater 


amounts of plasmin were ineffective is shown in Text-fig. 3. This figure 


Text-fig. 2. The release of kallidin by serum kallikrein and inhibition of release 
by soya-bean trypsin inhibitor (SI). Contractions of guinea-pig ileum in 17 ml. 
bath of Mg-free Tyrode solution (34° C) containing atropine and mepyramine 
(10-* g/l.). Continuous line indicates bath not washed out. pl, 0-5 ml. dialysed, 
heated (56° C, 3 hr) guinea-pig plasma; K, serum kallikrein (0-5 u. 200 ng); K+SI, | 
serum kallikrein (0-5 u.) incubated with soya-bean trypsin inhibitor (200 yg/ml., 
(a); 20 pg/ml., (b)) for 10 min at 35° C before addition to bath. 


also shows that kallikrein, if the pH of the solution is first lowered with 
hydrochloric acid to pH 2 for 20 min, is completely inactivated. Plasmin, 
however, is reported to be very stable at this pH (Miillertz, 1956). Human 
salivary kallikrein and crystalline trypsin preparations were also very 


effective in releasing a smooth-muscle stimulant from heated guinea-pig 


or human plasma under these conditions. 
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Fibrinolytic activity 

The fibrinolytic activity of plasmin, trypsin, serum kallikrein and salivary 
kallikrein was measured on fibrin plates. Plasmin was the most effective of 
these on a weight basis, regularly producing detectable lysis when 0-03 ml. 
of a solution containing 0-75 ug/ml. was placed on a fibrin plate. Such a 
solution of plasmin produced a lysed ring of fibrin with a mean diameter of 
6-6 mm. With 0-03 ml. volumes, containing plasmin in concentration of 10 


pl P K pl K* K 
Text-fig. 3. Contractions of isolated guinea-pig ileum in Tyrode solution con- 

_ taining atropine and mepyramine. Continuous line indicates bath not washed out. — 
The release of kallidin from guinea-pig (left) and human plasma (right). pl, dialysed 
heated plasma (0-5 ml. g-pig; 1-0 ml. man) P, human plasmin (1-0 mg); K, serum 
kallikrein (0-25 u.); K*, serum kallikrein (0-25 u. + HCl) at pH 2 for 20 min before 
neutralization and addition to bath. 


and 20 yg/ml., the mean diameters of the lysed areas were approximately 
10-9 and 15-0 mm, respectively. Trypsin was also detectable in solutions 
containing 0-75 y»g/ml., but the lysed area was smaller than with plasmin. 
The minimal concentration of trypsin detectable was approximately five 
times greater than that of plasmin. Serum kallikrein showed fibrinolytic 
activity in high concentrations, but activity was not demonstrated until 
concentrations of 15-50 ug/ml. were employed. The activity at this con- 


centration was less than that of solutions containing 0-75 pg/ml. trypsin 
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or plasmin. The relative activities of plasmin, trypsin, and kallikrein in 
lysing human fibrin are shown in Text-fig. 4. 
The fibrinolytic activity of trypsin and plasmin were both sensitive to 


SBTI, effective concentrations of each of these enzymes being completely - 


inactivated by the same or even lower concentrations of SBTI. Both 
enzymes showed a much less sensitivity to OI, although the fibrinolytic 
activity of trypsin was reduced by high concentrations of this inhibitor. 


Text-fig. 4. Lysis of human fibrin (16 hr, 37° C); 0-03 ml. of each solution in con- 
centration of 10 zg/ml. P, human plasmin; T, crystalline trypsin; K, serum ~ 
kallikrein. 


DISCUSSION 


Our highly es preparations of bradykinin, though not yet pure, 
were more effective than histamine on a weight basis in increasing capillary 
permeability in the lower concentrations. It is difficult, however, to 
compare the relative potency of histamine and of bradykinin in increasing 
permeability because of the different shapes of the dose-response curves, 
and because of the apparent greater accumulation of dye in the lesions 


produced by bradykinin. Since pure bradykinin has been estimated to 


contain 5000—10,000 u./mg, it would be 5-10 times still more potent than 
our preparation. Bradykinin preparations, which varied from 7 to 1000 u./ 
mg (assayed on the guinea-pig ileum) showed parallel gut-stimulating and 
permeability-enhancing properties, indicating that these properties reside 
in the same molecule. The recently prepared pure bradykinin has, in fact, 
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been found to retain the permeability-increasing activity (D. F. Elliott, 
E. W. Horton & G. P. Lewis, personal communication). 

The remarkable activity of serum kallikrein in increasing permeability 
is of interest in so far as high concentrations of this substance exist in 
blood in an inactive but activable form (Frey et al. 1950). The close simi- 
larity of its dose-response curve to that of bradykinin (Text-fig. 1) 
suggests that this effect is due to the release of the polypeptide, kallidin, 
which kallikrein releases from a precursor in plasma and lymph (see 
Werle, 1960; Schachter, 1960). This view is supported by the fact that our 
most active serum kallikrein preparation was more active in releasing 
kallidin than trypsin was in releasing bradykinin, and that this property, 
like the permeability-increasing property, was greatly reduced by incuba- 
tion with SBTI but not with OI. | 

The fact that serum kallikrein is probably an enzyme which is present 
in an inactive but activable form in plasma raises the question of its pos-— 
sible relationship to plasmin, the fibrinolytic enzyme (or enzymes) in 
plasma (Miillertz, 1956; Biggs & MacFarlane, 1957). This is particularly 
relevant since it has been stated that human plasmin is a very potent 
releaser of plasma kinin (Lewis, 1958) although this release appears to be 
rather slow. Our experiments indicate that there is no correlation between 
fibrinolytic activity and the rapid release of a smooth-muscle stimulant 
from plasma by serum kallikrein, plasmin, trypsin and salivary kallikrein. 
In fact, plasmin, which had the greatest fibrinolytic activity, was ineffective 
in releasing a smooth-muscle stimulant from plasma in concentrations 
approximately 500 times greater than that in which our best serum kalli- 
krein preparation released kallidin within a few seconds of its addition to 
plasma. These facts indicate that serum kallikrein has different substrate 
requirements from that of the highly active fibrinolytic enzyme of plasma. 
It is of interest in this connexion that human salivary kallikrein, a potent — 
releaser of kallidin, completely failed to lyse human fibrin, even in high 


interesting problem of the substrate specificities of the different kallikreins. 

The prominent pharmacological properties of serum kallikrein (and 
of the other kallikreins in so far as they have been studied) are the vaso- 
dilator, permeability-enhancing, and kallidin-releasing actions. It seems 
unlikely that these properties will dissociate with purification (Haber- 
mann, 1959). The suggestion (Schachter, 1956; Herxheimer & Schachter, 
1959) that the release of kallidin-like substances from plasma by dilution, 
or by contact with glass, is due to the activity of kallikrein, is strengthened 
by our demonstration of the potent kallidin-releasing action of serum 
kallikrein. Similarly, the permeability-enhancing activity of diluted 


plasma (Mackay, Miles, Schachter & Wilhelm, 1953; Miles & Wilhelm, 
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1955) and of the permeability globulins in fractionated plasma (Wilhelm, 
Miles & Mackay, 1955; Mill, Elder, Miles & Wilhelm, 1958), or in inflam- 
matory exudates (Spector, 1957), may all be due to serum kallikrein. For 
the same reasons it is possible that the ‘enzyme’ activated in plasma by 
glass contact (Armstrong, Jepson, Keele & Stewart, 1957), which causes 
the release of plasma kinin and accelerates clot formation (Margolis, 
1958), is also serum kallikrein. Also, those individuals whose blood shows 
a prolonged clotting time in vitro, and who show no haemorrhagic dis- 
turbance, but are deficient in the so-called Hageman factor in their plasma 
(Ratnoff & Colopy, 1955) may, in fact, be deficient in the inactive kalli- 
krein precursor, since their plasmas do not release plasma kinin on contact 
with glass or kaolin (Margolis, 1958). It would be of interest, therefore, to 
measure the amount of active kallikrein extractable from their blood by 
the usual procedures (Frey e¢ al. 1950). If serum kallikrein is in fact the 
active agent involved in all these observations, a possibility which seems 
not unlikely, it would provide a simplified explanation of many diverse 
and apparently unrelated observations. More experiments are required to 
establish definitely whether or not this is the correct explanation of these 
facts. 


| SUMMARY 
1. Bradykinin, when injected intradermally, is one of the most effective 


enhancers of capillary permeability, as measured by its ability to increase 


permeability to a circulating dye in the guinea-pig. The effect differs from 
that of histamine in that there is a greater accumulation of dye in the 
lesions, and that there is an earlier pronounced flattening of the dose— 
response curve in respect to lesion size. Its action is unaffected by treat- 
ment of the animal with mepyramine or by incubation of the bradykinin 
solution with soya bean or ovomucoid trypsin inhibitors. 

2. Serum kallikrein is also very effective in increasing capillary per- 
meability in the guinea-pig. Its effects resemble those of bradykinin 


both in the appearance of the lesion and in the shape of the dose-response 


curve. This action of kallikrein is unaffected by treatment of the animal 
with mepyramine but is reduced if the solutions are incubated with soya- 
bean trypsin inhibitor before injection. Ovomucoid inhibitor is without 
effect. These results suggest that this action of kallikrein is mediated by 
the release of kallidin from plasma. Serum kallikrein is a very potent 
releaser of kallidin from heated (56° C, 3 hr) or unheated plasma or serum. 
This action is readily suppressed by incubation with soya-bean trypsin 
inhibitor but not by ovomucoid inhibitor. 

3. Plasmin is practically without effect on capillary permeability, and 
fails to release a smooth-muscle stimulant from plasma under conditions 
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in which trypsin, salivary kallikrein and serum kallikrein are very effective. 
There is no relationship between the ability of these substances to produce 
lysis of fibrin and to release kallidin or bradykinin. : 

4. The possible activation of serum kallikrein in a number of procedures 
(glass contact, dilution, etc.) which result in the appearance of smooth- 
muscle-stimulating or permeability-enhancing activity in plasma is 
discussed. Also, the possible relationship of various other substances in 
plasma (permeability globulins, contact factor, Hageman factor) to serum 
kallikrein is considered. 

Part of the expenses of this work was defrayed by a grant from the Central Research 
Fund of the University of London. 
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EXPLANATION OF PLATE | 
Fig. 1. Skin of guinea-pig with circulating pontamine blue dye showing lesions produced by 
intradermal injections (0-1 ml.) of B, bradykinin; H, histamine; K, serum kallikrein. 


Fig. 2. Skin of guinea-pig with circulating pontamine blue dye. Lesions produced by 
intradermal injections (0-1 ml.) of H, histamine; P, human plasmin. . 


_ Fig. 3. Skin of both flanks of same guinea-pig with circulating pontamine blue dye. Right: 
_ skin of one flank with intradermal injections of approximately equal activities of bradykinin 
(B), histamine (H), and serum kallikrein (K). Left: skin of other flank similarly injected. 


after mepyramine (0-1 mg/kg) had been administered intravenously; only the histamine 
response is suppressed. 
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_the carotid blood in anaesthetized cats, and in decerebrate cats in which 


_ 5kg and anaesthetized with sodium pentobarbitone 1.p. (Nembutal; Abbott Laboratories, 
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CARDIOVASCULAR AND RESPIRATORY RESPONSES TO 
HEATING THE CAROTID BLOOD 


By P. P. NEWMAN anp J. H. WOLSTENCROFT 


From the Department of Physiology, School of Medicine, 
University of Leeds 


(Received 9 December 1959) 


Changes in breathing produced by heating the carotid blood were 
first reported by Goldstein (cited by Fick, 1872) and Fick (1872) after 
Ackermann (1867) had investigated respiratory effects produced by heating 
the whole animal; changes in blood pressure and heart rate were later 
described by Kahn (1904) and Moorhouse (1911). A fall of blood pressure 
when the whole animal was heated was briefly reported by Heymans 
(1921) and Rodbard (1948). 

The location of regions responding to temperature changes has been the 
subject of many investigations. Since the work of Barbour (1912) atten- 
tion has been directed towards the hypothalamus, heating of which has 
been shown to produce vascular and respiratory effects (Magoun, Harrison, 
Brobeck & Ranson, 1938; Strém, 1950). In the present work a fall of 
blood pressure and increased respiration have been produced by heating 


the hypothalamus had been removed. The evidence to be presented 
suggests that these effects were mediated by the medulla oblongata. Some 
preliminary results have already been — (Newman & Wolstencroft, 
1956, 1957). 


METHODS 
. Experiments were carried out on forty-eight cats of either sex weighing between 1-5 and 


45 mg/kg body weight). Some animals were decerebrated at the level of the superior colli- 
culi, with the carotid arteries temporarily clamped, care being taken to ensure removal of 
the hypothalamus. In some animals the spinal cord was divided immediately below the 
medulla, The femoral arterial blood pressure was recorded with either a mercury mano- 
meter, @ Hiirthle membrane manometer or a capacitance manometer coupled to a pen- 
writer. Heart rate was recorded with an ink-writing electrocardiograph. The trachea was 
cannulated and the animal breathed through valves. Respiration was recorded by a 
tambour attached to a side arm of the outlet tube from the expiratory valve. The presence 
or absence of sweating was tested (a) by dusting the foot pads with Quinizarin compound 
(Burroughs Wellcome) which turns from grey to violet in the presence of water, or (6) by 
measurement of skin resistance from foot pad to leg. 
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Carotid heating. The method of heating the carotid blood was as follows: one or both 
common carotid arteries were cannulated proximally and the blood passed through a spiral 
glass tube in a water-bath before being returned through a cannula inserted into the distal 
end of the same artery. Heating was effected by gradually raising the temperature of the 
water-bath surrounding the spiral from 38 to 55° C; cooling was effected by replacing with 
cold water. This method avoids the danger of spread of heat to the vagi and other structures 
in the neck, which occurs when heating tubes are placed around the carotid arteries (Sihler, 
1879). 

Temperature measurement. Thermocouples were made by brazing together 40 s.w.c. 
copper and Constantan wires. One thermocouple was inserted deep into the substance of a 
cerebral hemisphere of the intact cat or into the upper brain stem of the decerebrate cat. 
A second thermocouple was inserted through the central end of a lingual artery so that. its 
tip lay in the external carotid artery. Rectal temperature was measured with a mercury 
thermometer. 


RESULTS 
Heating the blood passing through the carotid arteries produced circu- 


latory and respiratory changes. 


Cardiovascular effects 


When heating commenced the arterial blood pressure remained constant 
until the temperature recorded by the thermocouple in the brain was 


between 41 and 42° C. The temperature recorded in the lingual artery was 


usually 1°C higher. At this point an abrupt fall in blood pressure of 
40-70 mm Hg occurred (Fig. 1). If the increased brain temperature was 
maintained the blood pressure remained depressed, but when heating 
ceased and the blood and brain cooled to their original temperatures the 
blood pressure returned to its previous height. This response to heating 
and cooling could be obtained repeatedly in the same animal. The rectal 
temperature did not rise more than 0-2° C. 

The same effect on the arterial blood pressure was obtained in the 
decerebrate animal (Fig. 2); but not after section of the cervical cord, even 
in animals with a blood pressure over 100 mm Hg. 

In the intact animal the response to heating occurred after bilateral 
section of the carotid sinus nerves, the glossopharyngeal and hypoglossal 
nerves. The response was also present after section of both cervical vago- 
sympathetic nerves. The heart rate either remained unchanged during the 
period of heating or was reduced, e.g. from 210 to 180 beats/min, during 
the fall in blood pressure. It was never increased. 


Respiratory effects 
As the temperature of the blood in the carotid artery began to rise, an 
increase in the depth of respiration was usually observed with little or no 
change in rate. The increase in depth became marked when the blood 
pressure fell and it was then sometimes accompanied by an increase in 
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Fig. 1. The effect of heating the carotid blood on respiration and blood pressure in 
/ a cat under Nembutal anaesthesia. As the brain temperature began to rise an 
| increase in the depth of respiration occurred, the increase in depth being marked 
P when the blood pressure fell. A fall in blood pressure occurred when the brain 
temperature reached 41-5° C, Respiration and blood pressure returned to original 
‘levels on cooling. From above down: brain temperature; respiration; blood 
; g pressure (mm Hg); time marker, 5 sec. 

> 


Fig. 2. Decerebrate cat. The effect on femoral blood pressure of heating and 
cooling the carotid blood. B.P. (mm Hg); time marker, 10 sec. 
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rate (Fig. 1). These effects were not abolished by section of the carotid 


sinus nerves. To test whether the fall in blood pressure was secondary to 
loss of CO, due to the increased depth of respiration, constant lung venti- 
lation was maintained by a pump wigs heating. This procedure did not 


affect the fall in blood pressure. 


Sweating 


During heating of the carotid blood there was no obvious sign of sweat | 


on the foot pads and none could be detected by the use of Quinizarin 


-compound or by measurements of skin resistance. 


DISCUSSION 


It is rather surprising that, among the various reports on the effect of 
heating the blood passing to the head, none include a description of the 
sudden fall in blood pressure described above. The only comparable effects 
appear to be those reported by Heymans (1921) and Rodbard (1948). 
Heymans (1921) heated the whole body, by surrounding an artificial carotid- 
jugular anastomosis with hot water, in rabbits, dogs and cats. The hyper- 


thermia so produced was fatal when the rectal temperature exceeded 


42-5-42-7° C and a sudden fall in blood pressure occurred at this point. 
Rodbard (1948) reported that hyperthermia was fatal at about 3° C above 
body temperature in chickens, dogs and rabbits; he attributed death to a 
fall of blood pressure. | 

Relatively little attention has been given previously to the possible site 
of action of the heated blood. The hypothalamus was not involved in the 
fall in blood pressure, since it occurred in the decerebrated animals. The 
effect was not due to a reflex from the carotid sinus or carotid body, since 
it was present after bilateral section of the lower four cranial nerves. It 
has recently been found that local heating of the medulla can produce a 
similar fall in blood pressure (Holmes, Newman & Wolstencroft, 1960). 


Finally, the fall in blood pressure produced by heating the carotid blood | 


was abolished by section of the spinal cord. Thus it seems probable that the 
heated blood produces its effect by action on the medulla. The fact that 
blood flowing in the carotid arteries of intact and decerebrate cats may 
reach the medulla, particularly on heating, has been demonstrated by 
Holmes, Newman & Wolstencroft (1958). 


The increase in breathing could be due to a direct central action of } 
increased temperature. However, it could also be explained by changes | 


in CO, tension and acidity produced by heating the blood on its way to the 
head. Calculations with the data of Rosenthal (1948) and of Brewin, 
Gould, Nashat & Neil (1955) show that a rise of 3° C in the temperature 
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of the carotid blood would be likely to decrease its pH by 0-04 and increase 
its CO, tension by about 7 mm Hg. Both of these changes would stimulate 
respiration. Another possible factor is that an increase in respiration may 


be secondary to a fall in blood pressure. This could provide an explanation — 


of the sudden increase in rate reported in anaesthetized dogs at 41-7° C 
rectal temperature (Richet, 1898) and in anaesthetized calves at 40-5° C 
rectal temperature (Bligh, 1957). 

_ It may be significant that the fall in arterial blood pressure was never 
associated with an increase in heart rate, and that heart rate was often 
reduced. This suggests that the response may be due to a simultaneous 
action on cardiac and vasomotor mechanisms. It is interesting to compare 
the effects produced in animals with similar effects resulting from the action 
of heat in human subjects. Hill & Flack (1909) recorded a fall in systolic 
pressure produced by immersion of subjects in hot baths. Bazett (1927) 
reviewed other reports of changes in blood pressure in response to heating. 
The present results may have some relevance to the syndrome of heat 
exhaustion in man, as distinct from that of heat stroke (Ferris, Blanken- 
horn, Robinson & Cullen, 1938). A frequent occurrence in heat exhaustion 
is @ low systolic blood pressure, often associated with syncope on standing 
(Ladell, Waterlow & Hudson, 1944; Borden, Waddill & Grier, 1945). The 
condition is, of course, more complicated than that described in the 
present series of experiments, since heating may produce general vaso- 
dilatation together with a reduction in blood volume due to dehydration. 
However, an action of the heated blood similar to that observed in animals 
is one possible cause of the fall in blood pressure that occurs in heat 
exhaustion. 

SUMMARY 

1. The blood flowing in the carotid arteries of ataiaaniaed cats was 
heated. If the temperature in the brain rose to 41—-42° C there was a sudden 
fall in blood pressure of 40-70 mm Hg. Heart rate was unchanged or 
slightly reduced. Respiration was increased. Sweating could not be 
detected. 

2. The fall in blond pressure was present in the decerebrate cat with 
hypothalamus removed, but not in the spinal cat. It was present after 
bilateral section of the carotid sinus nerves and of the lower four cranial 
nerves, 

3. It is possible that the heated blood  easnanete its effects by acting on 
the medulla. 
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A previous paper (Newman & Wolstencroft, 1960) described a fall in 


_arterial blood pressure and increased respiration which were produced 
by heating the carotid blood in the anaesthetized cat. Since this effect 
_ was present in the decerebrate but not in the spinal animal, the effect of 
_ localized heating of the lower brain stem was then investigated. A region 


was found where heating produced changes in blood pressure and respira- 


_ tion similar to those produced by heating the carotid blood. These experi- 


ments are described in this paper; preliminary reports have been given by 
Newman & Wolstencroft (1957) and Holmes, Newman & Wolstencroft 


(1958). 
METHODS 


Experiments were performed on twenty-eight cats of either sex weighing between 2 and 
4:5kg and anaesthetized with sodium ‘pentobarbital (45 mg/kg). Six. cats were decere- 
brated at the level of the superior colliculi, Blood pressure was recorded from the femoral 
artery by means of a mercury manometer. Respiration was recorded by a method pre- 
viously described (Newman & Wolstencroft, 1960). 

The pons and medulla were exposed by a ventral approach through the soft structures of 
the neck followed by removal of the overlying bone. Localized heating was effected by an 
electrode ‘held in a stereotaxic instrument and connected to the output of a high-frequency 
(1500 ke/s) oscillator. The heating electrode consisted of silver wire, 0-2 mm diameter, in- 
sulated except at the tip. The other electrode was a saline pad applied to one limb, The 
temperature 2-3 mm from the electrode tip was recorded by a thermocouple inserted into 
the brain by means of forceps. Thermocouples were made by brazing together 40's.w.c. 
copper and Constantan ‘wires. Owing to electrostatic pick-up the thermocouple may have 
given readings which were 1° C higher than the true temperature (Huntoon, 1937). 

Electrode placements were determined by histological study after fixing the brain stem 
in formalin and embedding in celloidin or paraffin wax. Serial sections were cut at 25-100 » 
and stained with toluidin blue or thionine. The track of the electrode could easily be recog- 
nized in these sections. 

| RESULTS 


| Effect of heating 
The temperature recorded by the thermocouple before heating began 
was usually about 38° C. At responsive points in the medulla the following 


effects were observed when the heating current was turned on: Respira- 
tion increased with the rise in temperature, but the arterial blood pressure 
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showed no significant change until the temperature recorded by the 
thermocouple reached about 41°C. At this temperature the blood pres- 
sure fell about 40-60 mm Hg (Fig. 1). Heating was then discontinued and 


the blood pressure and respiration returned to their original state. During — 


the fall in blood pressure bradycardia was sometimes observed. It was 
possible to repeat this response to heating several times with the electrode 
in the same position. The fall in blood pressure could be obtained when 
lung ventilation was kept constant by means of a pump. Rectal tempera- 
ture remained unaltered during the period of heating. 


Fig. 1. Direct heating of the medulla. A fall in blood pressure of 40 mm Hg 
occurred when the temperature recorded by the thermocouple reached 41-5° C. 
The blood pressure returned to its original level as heating was discontinued. 
From above down: brain temperature; femoral blood pressure; time marker, 
5 sec. 


pe of responsive regions 
To dhhceiniie the distribution of responsive points the brain stem was 


explored within the limits of the exposed field which extended from the 
upper pons to the lower medulla. In a limited region of the upper medulla 


close to the mid line falls of blood pressure of 40-60 mm Hg were obtained 


on heating to 41-42° C (Fig. 2). Smaller responses occurred in the lower 
pons and the most rostral part and middle third of the medulla. In these 
regions respiration was increased but the fall in blood pressure was not 
more than 20 mm Hg at 41—42°C and could not be reproduced consis- 
tently, although heating to 43° C occasionally produced larger responses. 
The latter effect could have been due to the spread of heat, since it was 
found that a thermocouple placed 1 cm from the heating electrode showed 
a temperature which was about 1° C lower than that recorded close to the 
electrode. Heating in the upper pons and caudal medulla did not produce 
an increase in respiration or a fall in blood pressure (Fig. 2). 
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In six experiments on decerebrate cats localized heating was performed 
after sections at various levels. Section of the brain stem at the junction 
between pons and medulla abolished the response to heat applied to points 
above but did not abolish the response to heat from points below the sec- 
tion. Similar results were obtained after sections through the upper 
medulla. The lower limit of the responsive region could not be demonstra- 
ted in this way as the sections produced cessation of respiration and vari- 
able changes in blood pressure. 


Fig. 2. Direct heating of the brain stem to determine the distribution of responsive 
points. With the heating electrode in the upper pons or in the caudal medulla, the 
blood pressure remained unchanged. The brain temperature recorded was 43° C. 
With the heating electrode in the rostral medulla a fall of blood pressure occurred 
at 41° C, 


Histological studies. Examination of serial sections through the brain 
stem showed that in each instance in which heating had produced a fall 
in blood pressure the electrode had entered the medial reticular formation 
at some point rostral to the hypoglossal nucleus. In those experiments 
in which the largest responses had been obtained the electrode had passed 
through the fibres of the trapezoid body, or near to its lower border, 
so that the tip lay surrounded by cells of the nucleus reticularis giganto- 
cellularis (Fig. 3B), in a plane between the rostral part of the nucleus 
ambiguus and nucleus of the VI nerve. Smaller responses had followed 
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insertions of the electrode rostral to the plane of the nucleus of the VI nerve 
(Fig. 3.4), where its tip had entered the nucleus reticularis pontis caudalis, 
or the nucleus reticularis tegmenti pontis. Similar responses had also 
been obtained in.experiments where the electrode was more caudally 
placed, in relation to the lowest cells of the nucleus reticularis giganto- 
cellularis; insertions in the lower part of the medulla, below the level of 
this latter nucleus, failed to elicit reversible responses. 


A 


ore 


Fig. 3. Diagrams of transverse sections through the brain stem of the cat; A at 
the level of the rostral part of the superior olive, B at the level of the motor nucleus 
of VII cranial nerve. Shaded-areas represent parts of the medial reticular forma- 
tion. PC, nucleus reticularis pontis caudalis; GC, nucleus reticularis gigantocellu- 
laris; O, superior olive; T, trapezoid body; P, pyramid; VII, motor nucleus of facial 
nerve. 


DISCUSSION 


The experiments demonstrate that structures sensitive to increased 
temperature are present in the brain-stem reticular formation. Although 
the reticular formation was long regarded as a diffuse system of cells and 
fibres it is now apparent that considerable intrinsic organization exists 
(see Brodal, 1957). The experiments reported here suggest that a group 
of nerve cells distributed throughout the nucleus reticularis gigantocel- 
lularis bring about a vasodepressor response when stimulated by the local 


application of heat. Points heated in the caudal pons and middle medulla 
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gave smaller responses. This may be due either to the spread of heat to the 


_ primary responsive region or may indicate fewer responsive cells in the 


regions adjacent to it. Histologically there is no clear demarcation between 
the nucleus reticularis pontis caudalis and the nucleus reticularis giganto- 
cellularis. In the cat, descending (reticulospinal) fibres arise from the 
entire nucleus reticularis gigantocellularis and also from the nucleus reticu- 
laris pontis caudalis (Torvik & Brodal, 1957). The descending medullo- 
spinal fibres might provide a pathway for the mediation of the depressor 
response here described. 

The anatomical site of the ‘heat-sensitive’ region corresponds with 
‘depressor’ or ‘vasodilator’ points located by several investigators. 
Wang & Ranson (1939) recorded blood-pressure changes in the cat following 
electrical stimulation of the brain stem. They found pressor points in the 
lateral portion and depressor points in the medial portion of the reticular 
formation; however, a predominantly ‘depressor’ region sometimes pro- 
duced a rise in blood pressure. Alexander (1946) identified in the cat de- 


_ pressor points near the mid line of the rostral medulla. Lindgren (1955) 


showed in the cat that brain stem stimulation can activate a vasodilator 
pathway to the skeletal muscles. Thus there is good evidence that electrical 
stimulation of discrete points in the brain-stem reticular formation can 
produce vasodilation and a fall of blood pressure. 

In the present experiments it was found that points giving reversible 
responses to heat were restricted to a limited region of the medulla and the 
effect was always a fall, and never a rise, of blood pressure. Nothing is 
known of the neuronal mechanisms involved. The heat-sensitive elements 
may induce inhibition of the vasoconstrictor neurones or may actively 
excite the vasodilator systems described by Lindgren (1955) and others. 

It is interesting that respiratory stimulation was maximal when the 
heating electrode was in the reticular formation of the medulla rostral 


to the region of the ‘inspiratory centre’ (Pitts, Magoun & Ranson, 1939). ’ 


A direct action of heat on structures in this part of the lower brain stem is 
a possible explanation of the increase in respiration that occurs with rise 
of temperature in the decerebrate animal. However, the present experi- 
ments do not provide unequivocal evidence on this point, since the respira- 


tory stimulation could have been due, in part or in whole, to a rise in 


local CO, tension brought about by the local rise in temperature. 

In the classical experiments of Magoun, Harrison, Brobeck & Ranson 
(1938) activation of heat-loss mechanisms by local heating of the hypo- 
thalamus was described. Negative results were obtained on local heating 
in other regions as far caudal as the upper pons; but the lower pons and the 
medulla were not explored. The present study does not provide evidence 


of brain-stem influences on heat regulation, although it is interesting to 
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note that Keller (1938) reported the existence of a heat-loss mechanism 


in the reticular formation of the chronic mid-brain cat with hypothalamus 


removed. It would, however, be premature to deduce that heat-sensitive 


structures in the medullary reticular formation have any regulatory 


function. 
SUMMARY 


1. In cats under sodium pentobarbital anaesthesia the pons and 
medulla were explored with a heating electrode, and circulatory and 
respiratory responses were observed. 

2. On heating certain regions respiration was increased and a fall in 
blood pressure of 40-60 mm Hg occurred when the temperature recorded 
by a thermocouple reached 41-42° C. When heating was discontinued the 
blood pressure and respiration returned to their original state. 

3. The region of maximal response was in the upper and medial reticu- 
lar formation of the medulla at the level of the trapezoid body. Histo- 
logically the region was identified as the nucleus reticularis gigantocellu- 
laris. 

4. It is suggested that structural elements which are sensitive to 
heating are situated in the medullary reticular formation. 
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EFFECT OF DENERVATION ON RESPIRATORY ENZYMES 
IN SALIVARY GLANDS 


By I. NORDENFELT, P. OHLIN AND B. C. R. STROMBLAD 
From the Institute of Physiology, University of Lund, Sweden 


(Received 14 December 1959) 


Section of the efferent nerves has been found to cause changes in the 
activity of cholinesterase and amine oxidase in various organs (Strémblad, 


19556, 1956). Changes in the activity of these two enzymes, which are of 


importance in the metabolism of transmitter substances, could be specifi- 
cally caused by denervation or could be part of general changes of enzymic 
activity after denervation. For this reason the effect of nerve section on 
the activity of other enzymes present in salivary glands of the cat and 
rabbit has been studied and the results compared with earlier observations 
on amine oxidase and cholinesterase activity in the same tissues. The en- 
zymes selected were succinic dehydrogenase, cytochrome oxidase and 
fumarase, which are all important in the respiratory activity of mammalian 
cells. 


METHODS 


Cats weighing 2-5-4 kg and rabbits weighing 2-0—3-5 kg were used. The parotid gland of 
the cat and the submaxillary glands of both cat and rabbit were studied. To obtain sympa- 
thetically denervated glands the right superior cervical ganglion was excised. Parasym- 
pathetic denervation of the submaxillary glands was achieved by division of the right chorda 
tympani (preganglionic pathway). The parotid gland of the cat was parasympathetically 
denervated either preganglionically by destruction of the right tympanic plexus or post- 
ganglionically on the left side by section of the auriculotemporal nerves. The operations 
were done with aseptic precautions under ether or pentobarbitone (Nembutal; Abbott 
Laboratories, Ltd.) anaesthesia. The operations on the parotid gland of the cat were carried 
out as described by Strémblad (1955a). Three to five weeks after the operation the enzyme 
activities were estimated. The cats were anaesthetized with chloralose after administering 
ether. The rabbits were killed by a blow on the neck. The glands were removed, cleaned, 
washed in saline solution, dried between filter papers and weighed. They were immediately 
minced with scissors and homogenized in glass homogenizers with 2-3 volumes of distilled 
water. The volume was finally adjusted to 10 ml. with distilled water. 


Estimations of enzymic activity 
Suceinie dehydrogenase. This was estimated manometrically by the Warburg technique 
in reaction vessels of conventional size. The main chamber contained the extract (0-3 ml. 
cat-gland or 0-5 ml. rabbit-gland homogenate), 0:4 ml. 10-*m cytochrome C, 0-02 ml. 
3-13 % MgCl, and 0-067m sodium phosphate buffer of pH 7-4 to bring the volume to 2-7 ml. ° 
The side arm contained 0-3 ml. 0-5m sodium succinate of pH 7-4 and the centre well 0-3 ml. 
7-2 
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m-KOH. The gas phase was O, and the temperature 37° C. Readings were taken every 5 min 
for 30 min and were corrected for changes in the thermobarometer and in the enzyme blank. 
All estimations were made in duplicate. The activity was expressed in units per gland or per 
gram of tissue. One unit is defined as the amount of enzyme which utilizes 1 yl. O, in 30 min 
at 37° 

_ Cytochrome oxidase. This was also dbteendinn manometrically. The side arm contained 
0-3 ml. 4 x 10-*m cytochrome C and the centre well 0-3 ml. m-KOH. Besides homogenate the 
vessels contained in the main compartment 0-3 ml. 4 x 10-*m-AlCl,, 0-3 ml. 0-014m sodium 
ascorbate (pH 7-0) and 0-067m sodium phosphate buffer (pH 7-4). The homogenate was 
diluted 10 times and 0-2 ml. was used in two flasks, 0-8 ml. in another pair of flasks, and the 
volume adjusted with buffer to give final reaction volumes of 3-0 ml. Readings were taken 
every 5 min for 30 min and the usual corrections applied. The enzymic activity was calcu- 
lated from the difference in O, consumption in the flasks containing different amounts of 
tissue (Umbreit, Burris & Stauffer, 1957). The unit of activity is defined as for succinic 
dehydrogenase. 

Fumarase. This enzyme was determined spectrophotometrically, as described by Racker 
(1950). The original homogenate was diluted 20 times with distilled water and centrifuged 
at 900 g for 1 hr. One ml. of the supernatant, 1 ml. of 0-067m sodium phosphate buffer of 
pH 7-4 and 1 ml. of 0-15m sodium L-malate were mixed in the cuvette, wasn the changes in 
absorption at 240 my were measured in a Beckman DU spectrophot . Readings were 
taken every 15 sec for 3 min. One unit of activity is defined as the amount of enzyme which 
produces a change in —_ density at 240 mp of 0-001/min. 


RESULTS 
Normal glands 


There were marked differences in enzymic activities between the three 
types of glands used. Thus, when expressed on a weight basis, much the 
highest succinic dehydrogenase activity was found in the submaxillary 
gland of the cat, whereas the highest cytochrome oxidase and fumarase 
activities were in the submaxillary pane of the rabbit. The results are 
given in Table 1. 

_Even in the same species large differences in enzyme activities were 
found when the glands of one animal were compared with the correspond- 
ing glands of another. However, the two submaxillary glands or the two 
parotid glands of the same animal showed much the same activities. 
For this reason the effect of denervation was studied on such pairs of 
glands; one gland was denervated and the contralateral served as a con- 
trol. No significant sex differences were found. 


Parasympathetic denervation 


Cat submaxillary gland. Three to five weeks after section of the chorda- 
lingual nerve all three enzyme activities, when expressed on a whole- 
gland basis, were decreased considerably in the denervated glands (Fig. 1). 
It is well known that the weight of the submaxillary gland is reduced after 
section of the chorda. In the six cats of this series the mean weight of 
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the denervated glands was 60% of the normal. The decreases in total 
activities, however, were much greater than this. Consequently, the 
enzyme activities (on a gram basis) were also reduced, although the fall 
in fumarase activity was not significant. 


TABLE 1 
Succinic dehydrogenase Cytochrome oxidase § Fumarase activity 
activity (u.) | activity (u.) (u.) 
~~ Per Per weight 
Per gram Per gram Per gram of gland 


Gland gland fresh wt. gland fresh wt. gland fresh wt. (g) 
Cat 3826+ 347 3023+ 243 73444538 60024539 5220+ 361 42644233 1-22+0-04 


(mn = 22) (n = 21) (n = 22) (nm = 28) 
lary 
Cat 1000+60 990+145 28604270 2720+ 281 5150 + 262 5030+ 291 0-98+0-05 
parotid (n = 33) (n = 21) (n = 37) (n = 41) 


Rabbit 540+79 920+155 6670+417 11650+ 7090+389 12120+ 0-61+0-03 
sub- 864 542 


maxil- (n = 21) (n = 18) (n = 19) (n = 21) 
lary 


Activity of respiratory enzymes (+8.E.) in normally innervated salivary glands of the 
eat and the rabbit. Units of enzyme activity are defined in the text. 
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Fig. 1. The effects of preganglionic parasympathetic denervation on activities of 
cat submaxillary glands. The activity of the right gland is given as a percentage 
of that of the left gland. A, B, etc., refers to one unoperated cat; 1, 2, ete., to one 
animal in which the right gland was denervated. In all figures, 1] = normal/nor- 
mal; J = denervated/normal; —---— = mean value. 


Rabbit submaxillary gland. The results were very similar to those just 
described for the cat. There was a pronounced fall in the total activities 
of all three enzymes (Fig. 2). Enzyme concentrations were also decreased, 
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although there was a mean reduction in weight of 33%. In the rabbit 
submaxillary gland the fumarase concentration was significantly decreased. 
Cat parotid gland. Section of the post-ganglionic parasympathetic fibres 


Fig. 2. The effect of preganglionic parasympathetic denervation on enzyme acti- 


Enzyme activity/g wet wt. 


Fig. 3. “The effect of post-ganglionic parasympathetic denervation on enzyme 
activities of cat parotid glands. The enzyme activities of the left (normal or 
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denervated) gland are given as a percentage of those of the right gland. 


to the parotid gland resulted in decreased enzyme activities (Fig. 3). The 
mean total activities in the denervated gland were decreased more than the 
weight of the gland (11%) and thus the concentrations were also reduced. 
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The effect of preganglionic denervation was studied in three animals 
(not shown in Fig. 3), with an outcome very similar to that after post- 
ganglionic denervation. The mean total activities for succinic dehydro- 
genase, cytochrome oxidase and fumarase respectively were 59, 80 and 
60% of the normal and the corresponding values for enzyme concentra- 
tions were 73, 96, and 77%. The weight loss after preganglionic denerva- 
tion (17 %) was also very similar to that after post-ganglionic denervation 
(11%). Similar weight reductions were found on larger groups of animals 
in earlier work (Strémblad, 19556, 1956). | 


Total enzyme activity/gland 
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Fig. 4. The effect of excision of the superior cervical ganglion on enzyme 
activities of cat submaxillary glands 


Sympathetic denervation 

Cat glands. Excision of the superior cervical ganglion was followed by 
a rise of the same order in the total activity of all three enzymes in both 
parotid and submaxillary glands (Figs. 4, 5). The mean values for total 
activity ranged from 122% of normal for fumarase in submaxillary glands 
to 145% of normal for cytochrome oxidase in parotid glands. 

The weight of the glands was increased after ganglionectomy. The 
weight of the right gland was calculated for each animal as a percentage 
of that of the left gland. In the operated animals with the right gland 
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denervated, the mean value+s.z. was for parotid glands 109+ 3-8 
(n = 8) and for submaxillary glands 107+2-6(m = 6). These values 
differ (P < 0-05) from those found for unoperated animals (parotid 
glands 100+1-2(m = 9), submaxillary glands 99+1-3 (nm = 5)). Thus, 
ganglionectomy caused an increase in weight of both parotid and sub- 
maxillary glands in the cat; this increase, however, was less than the 
increase in total enzyme activity, so that the enzyme concentrations were 
also increased. The mean increase in enzyme concentration varied from 
14% for fumarase to 32% for cytochrome oxidase, both of these values 
being found in the parotid glands. 


Total enzyme activity/gland 
38 8 8 8 32 
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Fig. 5. The effect of excision of the right superior cervical ganglion on enzyme acti- 
vities of cat parotid glands. The enzyme activities of the right (normal or dener- 
vated) gland are given as a percentage of those of the left. 


Rabbit glands. Excision of the superior cervical ganglion in rabbits 
‘caused a decrease in enzyme activities. Figure 6 shows that there was a 
decrease in all three enzyme activities whichever way the results were 
expressed. The rabbit glands did not increase in weight (operated 96 + 2-9 
(n = 6); unoperated 100 + 3-5 (n = 5)). | 


Time course of changes in enzyme activity 
In order to get some information on the time course of the changes, the 
enzyme activity was estimated at various intervals after section of the 
chorda. The submaxillary gland of the cat was chosen for this study since 
this showed the most pronounced changes. 
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The glands from two cats were examined 24 hr after denervation, from 
two other cats after 4 days and from one cat after 7 days. After 4 days a 
decrease in weight was found (88 and 92% of their controls). A decrease 
in succinic dehydrogenase activity was noted already after 24 hr (61 and 
81% of their controls). Cytochrome oxidase and fumarase activity was 
not reduced until the fourth day, when a definite decrease was found. 
After 7 days there was a further decrease of weight and enzyme activities, 
although it was in this animal less than that found for animals 3-5 weeks 
after denervation. 
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Fig. 6. The effect of excision of the superior cervical ganglion on enzyme 
activities of rabbit submaxillary glands. 


DISCUSSION 


After section of the chorda tympani the respiration of the submaxillary 
glands in vivo was found to be diminished (Strémblad, 1959). Similarly, 
experiments in vitro on chopped submaxillary glands of cats showed 
the maximal oxygen consumption to be reduced by division of the chorda; 
sympathetic ganglionectomy, on the other hand, increased the maximal 
oxygen uptake (Strémblad, 1957a). The changes in the activity of respira- 
tory enzymes observed in the present investigation after denervation 
seem to afford an explanation of these findings. 

The three enzymes studied are affected in the same way by denervation 
and can therefore be discussed together. Judging from previous experi- 
ments (Strémblad, 1956) the amine oxidase of the salivary glands can 
be included in this group. Cholinesterase, on the other hand, differs 
in its reactions to denervation in several respects from these enzymes. 
Extirpation of the superior cervical ganglion in cats causes an increase in 
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the activity of the respiratory enzymes and of the amine oxidase, but 
does not change that of the cholinesterase (Strémblad, 19576). Further- 
more, whereas the activity of the former enzymes decreases to the same 
extent after pre- and post-ganglionic parasympathetic denervation, the 
cholinesterase activity is reduced particularly by destruction of the ulti- 
mate neurone (Strémblad, 1955b). It is interesting to note in this con- 
nexion that the respiratory enzymes and the amine oxidase occur in the 
mitochondria (Cotzias & Dole, 1951; Hawkins, 1952), while the cholin- 
esterase has been found mainly in the microsomes (Hagen, 1955; Toschi, 
1959); in addition, it is assumed to be present outside the cell membrane 
(Koelle & Koelle, 1959). 

It is possible that changes in the respiratory enzymes result from the 
inactivity of the glands brought about by denervation. The finding that 
the activity of various enzymes decreases after ligation of the salivary 
duct (Junqueira, 1951; Fernandes & Junqueira, 1953) supports this view. 
It is difficult, however, to explain in this way the increase in enzyme 
activity observed after sympathetic denervation of salivary glands in the 
cat. It may be due in some way to improved supply of blood following 
removal of the vasoconstrictor tone, but this explanation cannot be 
reconciled with the fact that such a change is not produced by the same 
procedure in rabbits. | 

Denervation is known to affect the weight of the salivary glands, and 
the present experiments suggest that this is in some way related to the 
changes in the activity of respiratory enzymes. Parasympathetic denerva- 
tion reduces enzyme activity and weight. In cats both effects are more 
pronounced in the submaxillary than in the parotid gland. Removal of the 
sympathetic ganglion causes an increase both in weight and enzyme 
activity in cats; in rabbits there is no increase in weight and a reduction 
in enzyme activity. A change in the activity of the succinic dehydrogenase 
was found before any alteration in the weight could be detected, and this 
suggests that the effects on the weight are secondary to those on the acti- 
vity of the respiratory enzymes. A similar explanation has been given 
for the effects occurring in skeletal muscle (Humoller, Griswold & 
McIntyre, 1951; Humoller Hatch & McIntrye, 1952). 


SUMMARY 


1. The activity of succinic dehydrogenase, cytochrome oxidase and 
fumarase was measured in normally innervated and in sympathetically 
_ or parasympathetically denervated salivary glands of the cat and rabbit. 

2. Parasympathetic denervation caused a decrease in the activity of all 
three enzymes and a loss of weight of the glands. 
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3. Sympathetic denervation resulted in an increase in both the enzymic 
activities and the weight of cat glands, whereas a decrease in enzymic 


activities, unaccompanied by a gain in weight, was found in rabbit 
submaxillary glands. 
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THE LATENCY AND FORM IN MAN OF THE OCCIPITAL 
POTENTIALS EVOKED BY BRIGHT FLASHES 
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Research Council Neurological Research Unit, The National 
, Hospital, Queen Square, London, W.C. 1 


(Received 4 Jantiary 1960) 


The latency in man between a flash of light in the eyes and the electrical 
response in the occipital sensory cortex has been said to lie between 25 
and more than 100 msec. Some uncertainty also exists about the polarity 
of the first occipital potential after the flash. Probably a large part of this 
uncertainty is due to the fact that the earliest parts of the responses 
are very small; this makes them difficult to identify amongst the rela- 
tively large spontaneous activity in the electroencephalogram (e.e.g.). 
Cobb & Morton (1952), using a superimposition technique (Dawson, 1947) 
found a clear surface positive wave with a latency of about 70 msec; this 
was preceded by much smaller deflexions which began perhaps as little 
as 22 msec after the flash. They were unable to decide whether these 
small early waves were of cortical origin, or whether they were produced 
by passive spread of current from the electroretinogram (e.r.g.). Since 
they coincided approximately with the ‘b’ wave of the e.r.g. this last 
possibility seemed quite likely. More recently Calvet, Cathala, Hirsch & 
Scherrer (1956), using a photographic averaging method, found a positive 
potential in the occipital region with a latency of 30-40 msec. Monnier — 
(1957) has made measurements from records of 5 responses superimposed 
and gives the figure of 37-5 msec as the time from the flash to the first, 
positive-going, occipital potential in healthy subjects. Ciganek (1958), 
also. using a superimposition technique, reports responses with an initial 
phase in which the occipital region becomes negative 25-35 msec after the 
flash. It is the purpose of this paper to present evidence, which has been 
obtained by more sensitive methods of recording, about the latency and 
form of the occipital potentials evoked by flash stimuli. This evidence, 
which has been reported in abstract elsewhere (Cobb & Dawson, 1956) 
supports the view that the early waves described by Cobb & Morton 
(1952) are of cortical origin and that the initial wave, when it can be 
recorded, is positive-going in the occipital region and has a latency of 
20-25 msec. 
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METHODS 


Eleven healthy adult subjects were used. They were examined lying face downwards 
with the head and thorax supported on soft pads, to secure the best relaxation of the neck 
muscles, In front of the face was an opal glass screen subtending an angle of 48° at the eyes. 
The surface of the screen contained no detail except when the effects of fixation were being 
studied. Then, a weak red light about 3 mm in diameter was placed in the middle of the 
screen. The back of the screen was illuminated by the discharge of a capacitor through 
a Xenon-filled flash tube and the front by the low level of ambient illumination in the 
darkened laboratory. The capacitor was charged to 2 kV and was usually of 16 uF, giving 
an energy in the flash of 32 J, but to alter the apparent brightness of the flash it was varied 
between 0-2 and 16 uF (0-4-32 J), the voltage being kept constant. With the 16 uF capaci- 
tor the peak luminance of the flash at the front of the opal screen, measured as described . 
by Cobb & Morton (1952), was around 3-4 x 10® cd/m? (10° ft-lamberts). The flash had a rapid 
rise and an approximately exponential decay with a time constant of 90 psec, giving an 
integrated luminance with respect to time of 3 x 10% cd/m*.sec. To reduce possible inter- 
action between the responses to one flash and the later parts of the response to the flash 
preceding it, the rate of flashing was usually kept at one in 2 sec or slower. The occipital 
potentials were picked up with 1 cm diameter brine-soaked pads or with hypodermic needles 
blunted and spring-loaded on to the scalp (Dawson, 19546). One electrode was placed on the 
external occipital protuberance (EOP) on the mid line; others at 3 cm intervals in front of 
it and also on lines 3 and 6 cm lateral to the mid line.. An extra electrode was sometimes 
used 3 cm below the protuberance on the neck muscles in the mid line. Records were made 
from one or two pairs of these electrodes and the responses to between 55 and 220 flashes 
were averaged instrumentally (Dawson, 1953, 1954a). The polarity of connexion was such 
that when the electrode indicated in the figures by a continuous line became negative with 
respect to the electrode indicated by a broken line, an upward deflexion resulted in the record. 
The resistance-capacity coupled amplifiers used to feed the averaging machine had enough 
_ amplification to give a deflexion on the display cathode ray tube of 2 cm for an input of 
2 nV. The high-frequency response of the recording system was limited by the sampling 
rate of the averaging device; each sample representing the mean potential over a period of 
1-6 msec. For reasons dealt with elsewhere (Dawson, 1954a) the low-frequency response of 
the amplifiers was reduced as far as possible without gross distortion of the evoked potentials. 
The degree of distortion permitted is indicated by the calibration traces in Figs, 1 and 2 
and corresponds to a coupling time constant of approximately 0-05 sec. The reduction of 
low-frequency response was carried out in one coupling only, to minimize phase shift. The 
other couplings in the amplifier had time constants of not less than 0-5 sec. The e.r.g. was 
recorded between a contact shell, with an electrode moulded into it, on the cornea and a 
pad on the forehead. 


RESULTS 

Relation of occipital responses to e.r.g. 

When a subject is stimulated with flashes of the brightness used in 
these experiments and in the earlier ones of Cobb & Morton (1952, 1953) 
the e.r.g. recorded between cornea and forehead has an amplitude of 
about 200 nV. The initial phase of the occipital potentials recorded after 
the same flashes is rarely as big as 5 V, and is usually much less. The re- 
cording methods used give great sensitivity but they can only discriminate 
against potentials which are not systematically related to the stimulus. 
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The possibility therefore exists that the small potentials picked up in the 
occipital region early after the flash are not part of the e.e.g., but are due 
to spread of current from the much larger e.r.g. That this is unlikely is 
shown when the e.r.g. and the occipital potentials are recorded simul- 
taneously as in the records in Fig. la. Here 110 traces of the e.r.g. have 
been superimposed, trace 2, and the 110 occipital potential responses to 
the same stimuli have been averaged and recorded on the same time scale, 


Fig. 1. The record in trace la is the average of the occipital potentials evoked by 
110 bright flashes. In trace 2a are shown, superimposed, the retinal potentials pro- 
duced by the same 110 flashes. In spite of the very high amplification used for 
trace 1 (voltage calibrations for the two traces are shown in b) there is no evidence 
of electrical spread to the occipital record of the retinal potentials. In these and 
all later records an upward deflexion indicates that the electrode shown connected 
by the broken line became positive with respect to that connected by the con- 
tinuous line. The time scale shows intervals of 1, 5 and 20 msec and the time of 
occurrence of the stimulus is shown by the first large spike. , 


trace 1. The ‘a’ wave of the e.r.g. begins within 5 msec of the stimulus, 
reaches a maximum 13 msec after the stimulus and remains at about this 
level for 10 msec. During this time no significant deflexion appears in. the 
occipital record. At 20-25 msec after the flash a series of considerable 
deflexions begins in the occipital record ; none of these is synchronous with 
any potential having the same time course in the e.r.g. It therefore seems 
likely that spread of current from the e.r.g. plays no significant part in 
producing the occipital potential changes. Artifacts due to the heavy 
pulse of current through the lamp sometimes occur (Fig. 36), but they 
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have not been found to last more than 1 or 2 msec after the flash was 
triggered. In the same way any photo-electric effects which occur disturb 
only the start of the trace and can be controlled by shading the electrode 
affected. Other sources of potential change systematically related to 
flashes which need to be considered are the ear and the auditory cortex. 
The records in Fig. 3b suggest that the clicks produced by the lamp are 
unimportant. In these records 110 sweeps were averaged while the lamp, 
although flashing and clicking, was covered up so that no light reached 
the subject. No detectable response occurs after the stimulus marker. 
However, when the experiment was repeated with the lamp uncovered 
the responses shown in Fig. 3a were recorded. It may fairly be concluded 

_ therefore that the initial phase of the occipital potential change represents 
events in the occipital cortex at about the time of arrival of the group — 
of afferent impulses or shortly after this. 


Latency of ¢.e.g. responses 

The initial deflexion in the e.e.g. in Fig. 1 has an average amplitude 
of 1-1:5 nV. Although it was sometimes smaller than this, it was clear 
enough in nine of the eleven subjects for its start to be timed; in all these 
cases it lay between 20 and 25 msec after the flash. Superimposed on the 
rather variable slow waves which succeed the first e.e.g. deflexion is a 
series of faster waves. In nine subjects it was possible to measure from 
4 to 7 of these waves and their period was found to be between 8 and 
11 msec. In the responses recorded in Fig. 1 the mean period of the 5 waves 
is 10 msec, which corresponds closely with the period of the fast waves 
| in the e.r.g. (Cobb & Morton, 1953). This may suggest that the fast waves 

in the e.r.g. represent the synchronized volleys,of impulses which are 

known to leave the retina in some circumstances (Granit & Therman, 

1935). Even if this is so, these waves are of little value in establishing the 
_ time of conduction from retina to cortex, because of the difficulty of 

identifying the corresponding waves of each series. 


Location and polarity of ¢.e.g. responses 

To avoid picking up the potentials from the eye, or from other parts of 
the brain, the occipital responses have usually been recorded from pairs 
of electrodes closely spaced in the occipital regions. Since either. or both 
of such a pair of closely spaced electrodes may be affected by the change 
) of potential during the response, no decision can be arrived at about -? 
the polarity of the evoked potentials until their source has been located. 
Attempts were therefore made to define the potential gradients in the 
occipital region during the responses, but this was found to be difficult, 
particularly in the anteroposterior direction. Reversal of the sign of the 
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gradients, indicating a maximum of activity, could usually be found when 
the electrodes had a separation of 6 cm, but attempts to define the point 
of reversal more accurately, by using electrodes at 3 cm intervals, some- 
times led to the potential differences picked up during the initial phases 
of the responses being too small to detect, even when several hundred 
responses were averaged. In Fig. 2a records are shown from a subject in 
whom the potential gradients, though small, were well defined. Each 
trace in this figure represents the average of 220 single responses, and since 
only two averaging channels were available, the records were made in 


Fig. 2. The records in a show the potential gradients along the mid line in the 
occipital region and are the average of the responses to 220 flashes. The records were 
made in pairs, 1-2, 2-3 and 3-4. The duplicate records in traces 2 and 3 have been 
‘superimposed photographically and were made at intervals of 11 and 22 min. The 
records in 6 were made from similar electrode positions to those in traces 3 and 4 
but more than 3 months later. The first vertical line shows the time of the stimulus 
and the second the start of the response. The time scale shows intervals of 5 and 
20 msec. Trace 5 in b shows the voltage calibration for all channels. 


pairs, 1-2, 2-3 and 3-4. The duplicate records in channels 2 and 3 have 
been superimposed photographically. The initial wave of the e.e.g. response 
is largest in trace 4, where it appears as an upward deflexion starting at 
20-22 msec. It is absent in trace 3 and in traces 1 and 2 it appears as a 
small downward deflexion. This shows that during the first wave a region 
centred somewhere between the electrodes 3 and 6cm from the EOP 
became positive with respect to other parts. From subject to subject this 
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location has varied slightly between the EOP and a point 6m in front of 
it, on the mid line. In records taken between an electrode on the mid line, 
3.cm above the EOP, and others lateral to it, the later, larger waves in 
the responses appear symmetrical. The initial wave also sometimes appears 
symmetrical about the mid line; an example of this is shown in Fig. 3c, 
but more often when the central electrode is placed as near the mid line 
as can be measured from external landmarks, the first wave appears 
asymmetrical, as in the records in Fig. 3a. When the first wave is sym- 
metrical in the records the sense of the deflexions in the traces shows that 
the mid-line electrode has become positive with respect to the lateral ones. 
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Fig. 3. Record a shows the average of the responses to 110 flashes with the _ 
recording electrodes across the mid line. In 6 the conditions were the same except | 
that the lamp was covered up, showing that neither the click nor the electrical field 
produced by the discharge through the lamp causes any significant artifact at the 
time of the occipital response. The records ir. c, from another subject, where the 
initial wave is more symmetrical about the mid line, show that in the first wave 
of the response the electrode on the mid line becomes positive with respect to 
those lateral to it. The time scales show intervals of 1, 5 and 20 msec. 


After the initial positive deflexion in the e.e.g. a series of other waves 
follows. From the records in Fig. 2 it can be seen that the relative sizes 
and forms of these later waves is greatly affected by small movements in 
position of the récording electrodes. However, of these waves the first 
three appear to have a high degree of constancy. Immediately after the 
initial positive deflexion is a negative-going potential with its trough at 
35-45 msec. Succeeding this there occurs a large positive potential with 
8 PHYSIO, CLI 


7 
| 
hy 
‘ 


114 W. A. COBB AND G. D. DAWSON 


its peak at 60-7 0 which- sometimes appears-to -have-a potential dis- 
tribution rather different from that of the initial positive wave. In the 
_ records in Fig. 2 the potential gradient over the occipital region during the 
second large positive wave reverses in sign at a point 6 cm in front of the 
EOP, whereas these records suggest that the potential gradients during 
the initial positive deflexion reverse in sign 1 or 2 cm more posteriorly 
than this. After this large positive deflexion there occurs a relatively much 
larger negative potential of the order of 5-10 ,V in size. This late negative 
wave has its peak at round about 90-100 msec and it may be this which 
can sometimes be seen preceding the occiput-positive wave that appears 
in ordinary e.e.g. records taken during flash stimulation. All the records 
which are reproduced in this paper showed these four major components, 
the initial positive wave, the negative wave following it, the second 
positive wave and the later large negative wave. In two of the subjects, 
however, those from whom the records shown in Figs. 1, 2 and 4 were 
taken, the second positive wave is to some extent obscured by the fast 
ripple which appears with high flash intensities. The other two subjects, 
those giving the records shown in Fig. 3a, c, do not show these fast waves 
and the peak of the second positive wave is clearer. The recording methods 
available were not convenient for studying the later parts of the responses 
succeeding the first 100 msec. 


Constancy of the responses 
Under fixed conditions of stimulation, observation of single responses 
suggests that they vary in size considerably from one stimulus to the 


next. A great part of this apparent variability may be due solely to the © 


background of spontaneous e.e.g. activity on which the evoked potentials 
are superimposed. In the averaged records, however, the main character- 
istics of the responses in one person remain little changed over periods of 
20 min or more. This is shown in Fig. 2a, where the superimposed records 
of trace 2 were taken at an interval of 11 min and the pair in trace 3 at 
an interval of 22 min. The records taken at these intervals agree well and 
they give an indication of the degree of confidence which can be placed i: 
the averaged responses obtained in this type of experiment. Over longer 
periods, such as that at which the records in Fig. 2b were taken, rather 
more than 3 months after those in Fig. 2a, it can be seen that, although 
the: general character of the responses is unchanged, small variations i 
the relative sizes of the different phases occur. This order of variation 
in the form of the responses may easily have been caused largely by ee 
differences in electrode position between the two examinations. 

Another factor altering both the relative sizes and latencies of tli- 
components of the responses is the brightness of the flash used. Whe: 
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the flash strength is reduced, by reducing the size of capacitor which is 
discharged through the lamp, two effects occur. The latency of the initial 
waves of the response is increased and the amplitudes of all the waves in 
the response are reduced. In the record in Fig. 4a a capacitor of 16 uF 
(32J) was used and the initial positive deflexion in the e.e.g. response to 
the flash has a latency of 20-25 msec to its start. As the flash strength 
is reduced, little alteration appears down to a capacitor of 4 uF (8J: 
Fig. 4b) except that the size of the ripple of fast waves with a period 


Fig. 4. The records show the effect on the occipital responses of reducing the 
apparent brightness of the flashes by reducing size of the capacitor discharged 
through the lamp. In a the capacitor was 16 uF, giving an energy in the flash of 
32J; in 6, 4 uF (8J); inc, 1 pF (2J) and ind, 0-2 pF (0-4J). The time of the stimu- 
lus is indicated by the first large spike in the time scale and the vertical lines through 
each record, and the start of the response in record a by the second vertical line. As 
the flash strength is reduced the latency increases and the amplitude of all parts 


of the response falls. The time scale shows 5 and 20 msec intervals. Average of 
220 responses. 


4 


of 9-10 msec is reduced. A further reduction of the capacitor to 1 pF 
(2J; Fig. 4c) causes a distinct reduction in the size of the initial positive 
wave and an increase in the latency of its start to 25 msec. When the 
capacitor is reduced to 0-2 uF (0-4J; Fig. 4d) the flash appears to the 
subject to be much less bright and the latency of the initial positive wave 
increases to 30 or 35 msec; at the same time its amplitude is approximately 
half what it was in the top record, a, for which the 16 .F capacitor was 
used. No records are available to show how much of this increase in 
lateney with a weaker flash is due to an increase in the retinal delay. 
During some experiments it seemed that as the subject’s attention was 
‘attracted to the auditory field, e.g. by conversion in the room, a change in 
3 8-2 
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size of some of the responses occurred. Unfortunately this effect could 
not be maintained constant for a sufficiently long time for it to be recorded, 
but it was found that a change in the form and size of the response of the 
same type could be produced by visual fixation. The records in Fig. 5 
give an example of this type of alteration. The upper record, a, shows the 
average response recorded when 110 flashes were delivered with the subject 
looking at the opal glass in front of the flash tube without any detail in 
the field and at a low level of steady illumination. In the lower record in 
Fig. 5b the conditions were the same except that the subject, throughout 
the time during which the flashes were being delivered, fixed his attention 
on a small red light in the middle of the opal glass. During this period of 
fixation the negative-going second wave, with its trough at 45 msec, was 
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Fig. 5. The records show the average of the responses to 110 flashes. In a the opal 
screen in front of the lamp was blank. In 6 the subject fixed his gaze on a small 
red light in the middle of the screen throughout the period of stimulation. While 
the subject was looking at the red light the second, negative-going, wave of the 
occipital response was increased in amplitude. The time scale shows intervals of 
1, 5 and 20 msec. 


considerably increased in size. A difference of this sort between any two 
successive single responses is probably within the range of spontaneous 
variation, but since each record in the figure was the average of 110 re- 
sponses, we believe the difference to be significant. At the same time as 
the negative wave increases in size, the duration of the initial positive 
wave is reduced, as though cut short by the development of the negative 
wave. 
DISCUSSION 

The results presented in this paper appear to resolve the doubts re- 
maining from the previous work of Cobb & Morton (1952) about the 
latency of the occipital responses to flash stimuli. The records obtained 
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with averaging methods show clearly that a positive potential appears in 
the occipital region 20-25 msec after a bright flash stimulus. Comparison 
with a simultaneous record of the e.r.g. suggests strongly that the small 
positive potential in the occipital region is not due to a spread of potential 
from the eye. Other sources of artifact, such as electrical or photo-electric 
interference from the lamp, or potential changes from the auditory cortex 
caused by the noise of the discharge in the lamp, have also been excluded. 
It seems likely therefore that this initial positive wave in the occiput is 
_ analogous to the positive wave which may be found on the scalp over the 
somatic sensory receiving area after a peripheral stimulus and which has 
been taken to indicate the arrival of the afferent volley at the cortex. 
However, it must be noted that the positive potential evoked by somatic 
sensory stimulation may be preceded by a variable negative potential, 
usually less than 1 «V in size. The size of this negative wave varies 
both with the electrode position (Dawson, 1954a, Fig. 6) and with the 
particular peripheral nerve stimulated (Dawson, 1953, Fig. 12). No such 
initial negative potential has been recorded in these studies; probably 
if it occurs it-is too small for the present recording methods to reveal 
it. Also in these experiments no sign has been seen of the brief initial 
spikes described by Marshall, Talbot & Ades (1943) when recording from 
exposed cat cortex and stimulating the optic nerve. The failure to record 
these spikes may be due either to the fact that they are much smaller when 
the stimulus is a flash to the eye rather than a shock to the optic nerve, 
as was shown by Marshall et al. (1943) or to the limited resolution of the ° 
recording method, both in time and in space because of the presence of 
the skull and scalp. 

If it is accepted that these small potentials which we have recorded 
from over the occiput are in fact an indication of the arrival at cortex. 
of the group of sensory impulses produced by the flash stimulus, or of the 
events shortly after this, then two chief points must be considered. In the 
first place Ciganek (1958, 1959) has stated that during the first wave of 
the evoked potential the occiput becomes negative with respect to other _ 
parts of the scalp, whereas we have found that during the first part of the 
response the occiput becomes positive. Secondly, Monnier (1957) gives — 
the figure of 37-5 msec and Gastaut (1949) the figures of 40-45 msec for 
the latency between the stimulus and the start of the first wave of the 
response, whereas we have found a latency of 20-25 msec to the first 
wave. Both these differences probably arise from the very small size of 
the initial wave of the evoked potential. Cobb & Morton (1952) found 
that they could not be certain whether the first wave was present, even 
when large numbers of records were superimposed and the greatest pos- 
sible care was taken to obtain muscular relaxation and to avoid other 
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artifacts which might confuse the record. With the averaging method, on 
the other hand, the occiput-positive first wave has been a constant feature 
of the responses, except when the recording electrodes have been sym- 
metrically placed with respect to the peak of the potential gradients, as 
in trace 3 of Fig. 2a. It seems likely therefore that the deflexions taken as 
the first waves of the responses by Ciganek, Monnier and Gastaut were in 
fact the second or later waves. In several of the records shown by Ciganek 
(1959), notably Figs. 1 and 3 of that paper, there is a strong suggestion of a 
positive-going deflexion (downward in his display) preceding the negative 
deflexion which he takes as the first wave of the response. The start of this 
downward deflexion in his Fig. 1 appears to be at about 20 msec after the 
stimulus and its peak at about 25 msec; this would agree well with the 
start and the peak of the first positive wave that we record with the 
averaging technique. Probably therefore no conflict arises between our 
results and those of Ciganek. Brazier (1958), who used a cross-correlation 


technique, was also able to detect small occipital potentials starting some _ 


20 msec after a flash stimulus. 

The rather greater discrepancy between our results and those of 
Monnier (1957) and Gastaut (1949) may in part be due to a factor addi- 
tional to the very small size of the initial positive potential. With the very 
bright flashes we have used the latency of the e.r.g. was 3-5 msec. It is 
difficult to compare this with the results of Monnier and Gastaut as they 
give no figure for the start of the e.r.g.; they do, however, give 30 and 
40 msec for the start of the ‘b’ wave in their records. The start of the ‘b’ 
wave in our experiments is probably represented by the inflexion in the 
downgoing slope of the ‘a’ wave of the e.r.g. in Fig. 1. This occurs 10 msec 
after the stimulus. It seems therefore that the latency of the e.r.g. in our 
experiments may have been 10 or 20 msec less than in those of Monnier 
and Gastaut. How far such a reduction in latency of the e.r.g. is accom- 


panied by corresponding reduction of the latency of the discharge in the 


optic nerve is not clear, but the over-all latency of the occipital responses 
in our experiments may have been not just apparently shorter, because of 
their small size, but really shorter than in the experiments of Monnier and 
Gastaut. Here again then it seems that there may be no real discrepancy 
between our results and those of Monnier and Gastaut. The differences 
merely emphasize the need for a complete specification of the conditions 
under which experiments of this kind are carried out. ! 
Another factor in the stimulus situation which needs as full a descrip- 
tion as possible is the amount of detail in the visual field and the degree of 
attention being paid to it. From the records shown in Fig. 5 it seems that 


concentration on a small red light in a previously blank field can cause an | 


increase in size of the negative second potential in the response which 
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might be sufficient to raise the wave above the lower limit of detectability 
in superimposed records. It is not clear whether this increase in size of 
part of the response which accompanies a concentration of attention on the 
visual field represents an inverse effect to that described by Herndndez- 
Péon, Guzmén-Flores, Alcaraz & Ferndndez-Guardiola (1957). They 
found that the occipital responses to flash stimuli in an unaesthetized 
cat were reduced when the animal’s attention was attracted to another 
sensory field and they were able to show that there was a reduction in the 
size of the afferent volley at a subcortical level. That this effect, and the 
opposite effect also, may occur in man has been shown by Jouvet & Cour- 
jon (1958), who recorded, from an electrode implanted in the optic radia- 
tion, an increase in the size of the afferent volley when the subject con- 
centrated on a visual stimulus. The only evidence available from our 
records on this point is the fact that when the negative second wave is 
increased, as in the record in Fig. 5b, the initial positive wave is not 
increased in size and may even be a little reduced. This may be slight 
evidence that the afferent volley has not increased in size, as the develop- 
ment of a large negative second wave in an evoked potential may cut short 
the positive initial wave. However, it has generally been the case in 
experiments on man that an increase in the strength of a somatic stimulus 
and an increase in the ascending volley in the peripheral nerve, although 
they sometimes lead to a disproportionate increase in the size of the 
negative wave of the evoked potential, have not caused this increase 
without an increase in the positive wave also (G. D. Dawson, unpublished 
observations). Since the positive wave was not increased, it may be 
suggested that this effect is more like those described by Dumont & 
Dell (1958) and Bremer & Stoupel (1959). They found that the size of the 
cortical response to stimulation of the optic nerve could be increased by 
_ stimulation elsewhere, and they showed that this effect was due more to a 
change in the state of the responding cortex than to an increase in the 
afferent transmission. An increase of the negative second wave of the 
somatic evoked potential without any increase of the positive first wave, 
or of the volley in the second sensory neurones in the afferent pathway, 
and thought to be largely intracortical, has also been described by 
Dawson, Podachin & Schatz (1959), but in these experiments the animals 
were anaesthetized and the effects of the anaesthetic have not yet been 
defined, | 


SUMMARY 
1, The occipital evoked potential responses to bright flashes of light 
have been recorded by an integrating method which allows potential 
differences less than 1 »V to be detected. | 
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2. Occipital potential changes of the order of 1-1-5 pV begin 20- 
25 msec after the flash. Comparison with the e.r.g. recorded simul- 
taneously suggests that these occipital potentials are not due to current 
spread from the e.r.g. or other artifact. 

3. From measurements of the latency of the occipital responses and 

the e.r.g. it is concluded that the transmission time from the retina to 
the cortex does not exceed 15 msec, though it could be less than this. 
_ 4. The potential gradients in the occipital region show that the initial 
wave in the e.e.g. is positive-going with respect to other parts of the 
scalp and has a maximum on the mid line, between 3 and 6 cm above the 
external occipital protuberance. 

5. After the initial positive deflexion there occur a negative-going 
potential with its peak at 40-50 msec, a larger positive potential with its 
peak at 55-65 msec and a relatively large (5-10 »V) negative potential 
with its peak at 90-100 msec. This is followed by a series of waves with a 
. period of about 100 msec. 

6. With constant conditions the repeatability of the form of the 
responses is high over periods of 20 min. Over periods of months the 
repeatability is also good, though variations in the relative sizes of some 
of the components appear. 

7. Reduction of the apparent leila of the flash stimulus leads to a 
reduction in the size of the occipital responses and an increase in their 
latency. 

8. Fixation on a detail of the visual field between flashes may lead to 
an increase in the second, negative, component of the response and a 
shortening of the initial positive deflexion. 
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Attempts have already been made to see whether dicophanum (DDT) 
causes changes in after-potentials in nerve. In crab nerve there was only a 
slight increase in negative after-potential (Shanes, 19496), whereas no 
change was observed in squid and frog nerves (Shanes, 1949a, 1951). On 
the other hand, it was found in our previous studies that DDT causes a 
marked increase and prolongation of the negative after-potential in cock- 
roach nerve (Yamasaki & Ishii, 1952; Yamasaki & Narahashi, 1957), c, d). 
This effect of DDT, together with its unstabilizing action, is regarded as 
the most important feature of the toxic action of DDT (e.g. Roeder & 
Weiant, 1948; Welsh & Gordon, 1947; Yamasaki & Ishii, 1954). However, 
there is no adequate evidence to explain the increase in negative after- 
potential caused by DDT. 

As in squid giant axons (Frankenhaeuser & Hodgkin, 1956) and in non- 
myelinated nerve fibres of the rabbit (Greengard & Straub, 1958), the 
negative after-potential of normal cockroach giant axons has been demon- 
strated to be explicable by an accumulation of the released potassium ions 
in the immediate vicinity of the nerve membrane (Narahashi & Yamasaki, 
1960). The present paper gives the results of experiments whose aim was to 
elucidate the mechanism of the increase in negative after-potential 
brought about by DDT. 


METHODS 


The giant axons of the American cockroach, Periplaneta americana L., were used through- 
out the experiments. The methods of stimulation and recording were essentially similar tc 
those described in our previous reports (Yamasaki & Narahashi, 1959a, b; Narahashi & 
Yamasaki, 1960). Stimulation was effected by a pair of silver wire electrodes, while re- 
’ cordings were made by a micro-electrode inserted into an axon. When polarizing currents 
were to be applied to the axon, a Wheatstone bridge circuit was employed, which enable«! 
a single micro-electrode to be used both for polarization and recording. The bathing solution 
was changed by the method described previously (Narahashi & Yamasaki, 1960). 


* Studies on the mechanism of action of insecticides XIX. 
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The Ringer’s solution used was the same as that described in our previous papers 
(Yamasaki & Narahashi, 19590; Narahashi & Yamasaki, 1960). DDT-Ringer’s solution 
was prepared by introducing a small amount of ethyl alcohol containing pure DDT into 
Ringer’s solution. The final concentration of DDT was 10-‘m, and that of the alcohol was 
0:5 9%. This concentration of alcohol was found to have no effect on the axon in any respect. 
All the experiments were conducted at room temperatures ranging from 16-5 to 26-5° C 


RESULTS | 
Changes of resting and action potentials in 
the course of DDT poisoning 
The action potentials before and after treatment with DDT are shown in 
Fig. 1. After the normal bathing solution had been replaced by a Ringer’s 
solution containing DDT at a concentration of 10~‘m, no noticeable change 
was observed in resting and action potentials for a period of several 


Fig. 1. Records showing changes in action potential after treatment with 10-‘m 
DDT. A, from top to bottom, before, 38 min after, and 90 min after treatment 
with DDT. The horizontal lines indicate zero potential level. B, as in A, but with 
slower sweep. Temperature 21-5° C. 


minutes. However, after 10 min or so the negative after-potential began 
to grow progressively. The positive phase decreased as the negative after- 
potential increased. After some time, usually 15-30 min after starting 
treatment with DDT, the axon reached a state in which a single shock 
could give rise to a repetitive response (Fig. 2). With the further advance 
of time the negative after-potential grew larger still and the repetitive 
response ceased. The negative after-potential continued to grow more and 

more, and the positive phase could be seen as a slight dip between the spike 
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potential and the negative after-potential. The positive phase eventually 
disappeared, so that the spike potential terminated directly in the negative 
after-potential. The initial height of the negative after-potential finally 
attained a maximum value of about 30 mV or more, which stayed un- 
changed for some period of time. At this stage of poisoning a slight positive 
after-potential or undershoot sometimes followed the negative after- 
potential. Up to this stage the spike phase underwent little change; 
details will be described later. Thereafter, the rate of fall of the spike 
potential slowed considerably. With the further advance of time the 
negative after-potential began to decrease. The time of onset of this 
decrease varied considerably from fibre to fibre, being 3 hr or more after 
starting treatment with DDT. Conduction block was never observed 
during experiments, which were extended over 3-5 hr. The resting potential 
underwent little change throughout. On washing with normal Ringer’s 
solution, these effects of DDT were found to be irreversible. 

Thus, the time course of DDT poisoning can be divided into at least four 
stages: (1) from the beginning of the increase in negative after-potential 
to the end of repetitive discharge; (2) from the end of repetitive discharge 
to the maximum negative after-potential ; (3) from the beginning of marked 
slowing of the rate of fall of the spike potential to the beginning of marked 
decrease in negative after-potential; and (4) the stage of marked decrease 
in negative after-potential. Unless otherwise stated, the present paper 
describes the results of experiments on stages (1) and (2), which are thought 
to be indicative of the primary action of DDT, Experiments on stages (3) 
and (4), which seem to some extent to be secondary to stages ne and (2), 
will be elsewhere. 


Nature of repetitive response induced by DDT 


Figure 2 shows records of the action potential taken before, during and 
after the state of repetitive response under the influence of DDT. Transition 
from the state where there was only a single response to that where there 


was a repetitive response occurred abruptly when the negative after-. 


potential had increased to some extent. There appeared to be no inter- 
mediate state. The repetitive response started at a frequency of 200- 
400/sec and ended abruptly after a period of 30-70 msec. The interval 
between the first and second impulses was relatively large, between the 
second and the third impulses it was shortest, and it gradually grew 
towards the end of the train. On the other hand, transition from the state 
of repetitive response back to the state of single response was not always 
abrupt. This transition was invariably accompanied by a further increase 
in the negative after-potential. On some occasions the interval between 
the spikes was prolonged and the number of spikes decreased until the 
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response became single. In other cases, however; the state of single 
response was established abruptly. After the repetitive period, small 
potential changes were frequently seen on the declining phase of the large 
negative after-potential, as is shown in Fig. 2. These small potentials were 
found from close inspection to be damped oscillations starting at the peak 
of the negative after-potential and ending with completion of repolariza- 


_ tion. The oscillations later decreased in magnitude as the negative after- 
_. potential increased further with the advance of time. coe 


_ Fig. 2. Records of the action potential induced by a single stimulus before, during 

and after the repetitive stage in the course of DDT poisoning. From top to 

bottom, 20, 22, 26, 26-5 and 34 min after treatment with 10-‘m DDT. Temperature 
C, 


Repetitive response could also be induced in the DDT-poisoned axon by 
a long-lasting cathodal current. The normal cockroach giant axon did not 
give rise to a repetitive response even when a long-lasting cathodal current 


_ of suprathreshold intensity was applied. However, when the axon reached 


a state in which a single shock could give rise to a repetitive response, the 
long-lasting cathodal current was effective in producing a repetitive 


response (Fig. 8). | 
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Effect of DDT on the configuration of the 
spike potential 


The magnitude of the action potential was little affected by DDT 


(Fig. 1). Although there was a slight’ tendency for the action potential to 
decrease in height during the course of long-term experiments which 
extended to stages (3) and (4), it seems unlikely that this was due to any 
direct effect of DDT. The active membrane potential was probably kept 
almost constant throughout, because, as already mentioned, the resting 
potential underwent little change. 

Graphical analyses of records of the action potential, such as Sioee 
shown in Fig. 1.4, revealed that the maximum rates of rise and fall were 
only slightly decreased by DDT, the effect on the latter being greater than 
that on the former. This result suggests that DDT has little effect on the 
mechanism by which the spike phase of the action potential is generated. 
However, during later stages of poisoning (stages (3) and (4)), the rate of 
fall of the action potential decreased so much that discrimination between 
the spike and the negative after-potential became difficult. ‘ 

Records of trains of impulses at varying frequencies are illustrated in 
Fig. 3A. Although the DDT-poisoned axon could respond to repetitive 
stimulation at a frequency as high as 200—-300/sec, the spike height was 
. greatly reduced for all impulses except the first one. In the normal un- 
poisoned axon the spike height was also reduced during a train of im- 
pulses, but to a much less extent. This may imply that the axon is in a 
partially inactivated state after the first impulse. 


Effect of DDT on negative after-potential 
Negative after-potential following a single impulse. The time course of the 
decay of a negative after-potential following a single impulse was plotted 
on @ logarithmic scale against time, as is shown in Fig. 4. Before treatment 


with DDT the decay could be expressed as a single exponential term. After — 


treatment with DDT, however, the decay was not a single exponential 
function. The initial brief period of the decay could be described by an 
exponential term, which finally terminated in a faster phase. Since the 
height of the negative after-potential changed progressively during the 
course of DDT-poisoning, measurements were made when the maximum 
value for the negative after-potential was achieved in each series of exper'- 
ments. The time constant for the initial phase thus estimated was betwee» 
14-6 and 40-4 msec in different axons, with a mean of 24-3 msec. This mea 
time constant is much longer than that of the normal unpoisoned axou, 
which has been estimated as 9-2 msec in our previous report (Narahashi ° 
Yamasaki, 1960). The terminal fast phase also declined exponentially, wit: 
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a time constant ranging between 3:4 and 34-1 msec, and a mean of 
14:7 msec. 

Negative after-potential following a train of impulses. Figure 3B shows 
records of the negative after-potential at various frequencies of stimulation, 
The after-potential following a single impulse was already large, and there 
was only a small additional build-up during a train of impulses. It seemed 


B 


Fig. 3. Records of the action potentials induced by a single shock and by repetitive 
stimulation at various frequencies. These records were taken 50-62 min after 
starting treatment with 10-‘m DDT. A, from top to bottom, single stimulus, 
50/sec, 100/sec, 200/sec and 300/sec. B, as in A, but with higher amplification. 
Temperature 18° C, 


at first.sight that the time course of the falling phase of the negative after- 
potential was independent of the stimulus frequency. To investigate this 
point further the following analyses were made. | 

Figure 5 shows the time course of the decay of the negative after- 
potential after a train of impulses at frequencies of 50 and 200/sec. The 
initial phase decayed approximately exponentially with a time constant 
close to that for the decay after a single impulse. However, there was a 
tendeney for the declining phase to terminate in a very slow component. 
Tne initial phase continued longer than in an unpoisoned axon, but 
transition from the initial phase to the terminal phase occurred at a 
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comparable potential level in both the poisoned and unpoisoned axons. On 
the other hand, there was little sign of the terminal fast phase which was 
always observed in the negative after-potential after a single impulse. 

_ Summarizing the various declining phases of the negative after- 
potential, the following patterns can be discriminated : 


a, unpoisoned axon, single impulse, single fast phase; 


b, unpoisoned axon, train of impulses, initial fast phase and terminal very 
slow phase; ' 


TTT 


Control 
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Fig. 4. Time course of the decay of the negative after-potential following a single 
impulse before and 53 min after starting treatment with 10-*m DDT. The straight 
lines were drawn through the points by eye. Their time constants were: control, 
5-8 msec; DDT, initial phase, 24-5 msec; DDT, terminal phase, 
Temperature wi C. Semi-log scale. 
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c, DDT-poisoned axon, single impulse, initial slow phase and terminal fast 


phase; 
d, DDT-poisoned axon, train of impulses, initial slow phase and terminal 
very slow phase. 
0 50 100 150 200 
20 T T 
10 
6 
4 


> 
£ 
200 


Time (msec) 


Fig. 5. Time course of the decay of the negative after-potential following a train of 
impulses at 50 and 200/sec before and .55 min after starting treatment with 10-‘m 
DDT. The open circles represent the potential before treatment, and the filled-in 
circles after treatment. The ordinate indicates the potential in mV on a logarithmic 
scale. The abscissae are the time in msec after the end of the last impulse in the 
train, the upper scale applying to 200/sec (after treatment) and the lower scale to 
the others. The straight lines were drawn through the points by eye. Their time — 
constants were: before treatment, 50/sec, 8-6 msec; 200/sec. 16-3 msec; after 
: treatment, 50/sec, 24-1 msec; 200/sec, 22:1 msec. The same axon as in Fig. 4. 
Temperature 19° C. 


If the mechanism for the production of the terminal very slow phase of b 
is unimpaired by DDT, and if the mechanism for the production of the 
fast phase of c is also operative when the axon is excited repetitively, these 
two mechanisms should partly cancel each other when the DDT-poisoned 
axon is stimulated repetitively. This may result in the appearance of the 


prolonged initial phase in the repetitively stimulated DDT-poisoned axon. 
9 PHYSIO. CLII 
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Addition of negative after-potential during a train of impulses. There are 
two alternative explanations for the increase in negative after-potential 
caused by DDT. Two important features of DDT poisoning, which are the 
increase in the negative after-potential and the appearance of the terminal 
fast phase in the decay of the negative after-potential, may imply that the 
mechanisms by which the falling phase of the action potentia! is normally 
accelerated are delayed or partly suppressed by treatment with DDT. 


6b 


Time from beginning of train (msec) 


Fig. 6. Time course of the decay of the negative after-potential during a train of 
impulses at 54/sec, 53 min after starting treatment with 10-‘m DDT. The first, 
second, third and eighth impulses are illustrated. The filled circles are the measured 
points. The straight lines were drawn through the points by eye. Their time 
constants were: first, 29-9 msec; second, 29-6 msec; third and eighth, 26-4 msec. 
The open circles represent the potential at the end of the second and third spikes, 
calculated by adding the initial height of the first negative after-potential to the 
after-potential remaining at the instant when the second and third spikes arise. The 
upward arrows indicate the'start of the'spikes, and the downward ones the end of 
the spikes. The same axon as in Figs. 4 and 5. Temperature 19° C. Semi-log scale. 


Alternatively, such an increase in negative after-potential could be caused 
by an increased accumulation of potassium near the membrane during 
activity. 

If the second explanation were correct, the negative after-potentials in 
poisoned axons would add in a linear manner, as in unpoisoned axons. To 
make this argument clear, the successive negative after-potentials during 
a train of impulses at a frequency of 54/sec were plotted on a logarithmic 
scale against time, as illustrated in Fig. 6. The initial height of the second 
negative after-potential, estimated by adding what remained of the firs! 
after-potential at the moment when the second spike arose to the initie! 
height of the first negative after-potential obtained by extrapolation, wa: 
6-6+12-4 = 19-0 mV, as against the observed value of Th: 
calculated initial height for the third negative after-potential wa 
6-3+12-4 = 18-7 mV, as against the observed value of 12-7 mV. Furthe:, 
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the amount by which the eighth impulse in a train declined in the same 
period as the stimulus interval was not equal to the contribution of a single 
impulse, the former value being 12-4—6-0 = 6-4 mV as against the latter 
of 12-4mV. Hence it is concluded that the increase in negative after- 
potential caused by DDT does not arise from a greater amount of potassium 


release during activity. The small build-up of the negative after-potentials 


during a train of impulses, however, is attributable to the accumulation of 
released potassium. 


Effect of DDT on the rectifying property of the membrane 
The delayed rectification of the cockroach nerve membrane has already 
been demonstrated in one of our previous reports (Yamasaki & Narahashi, 
19596). Since the action potential of the cockroach giant axons has been 


_ shown previously (Yamasaki & Narahashi, 1959a) to be accounted for by 


the ionic theory (Hodgkin, 1957), the rectification can be interpreted on 
the assumption that the potassium conductance, a rise of which is 
responsible for the falling phase of the action potential, is kept increased 
dur'ng a flow of cathodal current. It was suggested in the preceding section 
that the increase in negative after-potential caused by DDT might arise 
from a delay or partial suppression of the mechanism by which the falling 
phase of the action potential is accelerated. The falling phase of the action 
potential is caused by an inactivation of the sodium-carrying system, which 
leads to a decline of sodium conductance, and by a rise in potassium con- 
ductance. Hence, if the rise in potassium conductance during activity was 
delayed or partly suppressed by DDT, it would follow that the delayed 
rectification would be affected. 

Figure 7 shows records of the electrotonic potential from a normal axon 
induced by equal and opposite long-lasting currents. In accordance with 
our previous observation (Yamasaki & Narahashi, 19596), the delayed 
rectification became apparent when the intensity of current exceeded a 
certain level. There also appeared a graded response with subthreshold 
cathodal currents. It should be noted that the decay of the catelectro- 


tonic potential was faster than that of the corresponding anelectrotonic 


one, and terminated in a positive phase. The faster decay and the positive 
phase can be interpreted as indicating that there is an appreciable rise in 
potassium conductance during a flow of cathodal current. : 
Records of the electrotonic potential under the influence of DDT are 
illustrated in Fig. 8. The axon was in a state of repetitive response when 


| these records were taken. The bottom record was taken with a single shock 


applied to the end of the nerve preparation by external electrodes. The top 
record is an electrotonic potential induced by a just subthreshold cathodal 
current, and the pair of records in the middle are for equal and opposite — 
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threshold currents. It will be seen that the graded potential, which rose 
and fell as quickly as normal, was followed by a gradual rise in potential 
which then declined to a lower steady state after attaining a summit. On 
cessation of cathodal current the electrotonic potential decayed slowly 
without any sign of positive overshoot. A similar time course for the 
catelectrotonic potential was also seen when a threshold current was 
applied. Thus it became clear that in the DDT-poisoned axons the rectifi- 
cation occurred on application of cathodal current with a delay much 


Fig. 7. Records of the electrotonic potential induced by equal and opposite 
currents with various intensities in a normal unpoisoned axon. The intensity of 
current was increased in steps from the top of column A to the bottom of column B. 
Upper tracing in each record shows catelectrotonic potential, and lower tracing 
anelectrotonic potential, except for the bottom record of B where just subthreshold 
and threshold catelectrotonic responses are shown. The time marker of the top of 
B also applies to the bottom of A. Temperature 20° Cc. 


greater than normal. The degree of rectification was also Salad by 
DDT. This is undoubtedly responsible for the slower decay and the 
absence of the positive phase following break of cathodal current. The 
slower decay of the catelectrotonic potential was also observed in our 
previous study which was made with external electrodes (Yamasaki & 
Narahashi, 1957 d). 

These results strongly support the view that the rise in potassium con- 
ductance during activity was delayed and partly suppressed by DDT. 
Despite this change in delayed rectification the initial falling phase of the 
spike potential undergoes little change. It seems therefore reasonable to 
assume that DDT does not inhibit the inactivation process occurring 
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during the falling phase of the action potential, at least in the initial 
stages of poisoning. 


10 msec 


Fig. 8. Responses of a DDT-poisoned axon to long-lasting currents and a single 
shock. 41-44 min after starting treatment with 10-‘m DDT. From top to bottom, 
catelectrotonic potential induced by a just-subthreshold current; catelectrotonic 
potential with superimposed repetitive spikes induced by a threshold current; 
anelectrotonic potential with same threshold current; train of impulses induced 
by a single shock. Temperature 26-5° C. 


Effects of potassium and calcium on the DDT -induced 
| negative after-potential 

Effect of changing the external potassium concentration. Figure 9 shows 
records of the action potential taken in 0, 3-1 and 10-0 mm-K solutions 
each containing DDT at a concentration of 10-*m. The DDT-induced 
negative after-potential was very effectively depressed by high potassium 
solution. In a potassium-free solution it was greatly augmented and a 
plateau appeared. A small positive after-potential followed the plateau. 
There occurred a fall of resting potential when the potassium concen- 
tration was raised and a rise when it was lowered, as in unpoisoned axons, _ 
These effects of potassium were completely reversible upon washing with 
normal Ringer’s solution. It should be noted that the action potential 
from the axon bathed in a potassium-free DDT solution resembles the 
cardiac action potentials from mammals in that there si steno to be a 
marked plateau phase. 
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The delay and suppression of the rectification by DDT were also pomered 
in potassium-free solutions. 

Effect of changing the external calcium concentration. As is shown in 
Fig. 10, when an axon had been treated with 10-*m DDT and was in a 
state giving rise to an increased negative after-potential, a rise in external 
calcium concentration from 18 to 18mm caused a further increase in 


Fig. 9. Effect of changing the external potassium concentration on the action 
potential of the DDT-poisoned axon. These records were taken 85-112 min after 
starting treatment with 10m DDT. Top record, 10mm-K; middle record, 
3-1 mm-K (normal); bottom record, 0 mm-K. Voltage calibration is given by a 
brief square pulse in the middle record. Temperature 26-5° C. 


negative after-potential. The spike potential in the DDT-poisoned axon 
was affected in the same way as in an unpoisoned axon (Narahashi & 
Yamasaki, 1960), the maximum rate of rise being slowed down. These 
effects of calcium were completely reversible on washing with norma! 
Ringer’s solution. 

Figure 11 shows records of repetitive activity as induced by a single 
stimulus in DDT-Ringer’s solutions containing 1:8 mm (normal) an: 
18 mm-Ca. Two points are worth noting: (a) in spite of a tenfold increase in 
[Ca], the DDT-poisoned axon was still able to fire repetitively in respons? 
to a single stimulus. (b) The spike height was reduced progressively durin 
a train of impulses in 1-8 mm-Ca, whereas it was little affected in 18 mm-Ca. 
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Fig. 10. Effect of changing the external calcium concentration on the action 
potential of the DDT-poisoned axon. These records were taken 69-78 min after 
starting treatment with 10-‘m DDT. The horizontal lines indicate zero potential 
level. A, 1:8 mm-Ca (normal); B, 18 mm-Ca. Temperature 19° C. 


Fig. 11. Effect of changing the external calcium concentration on the train of 
impulses induced by a single stimulus in a DDT-poisoned axon. A, 1-8 mm-Ca — 
(normal); B, 18 mm-Ca. Temperature 21-5° C. 


DISCUSSION 
It seems probable that the moderately increased negative after- 
potential is partly responsible for the repetitive discharge, because the 
state of repetition is first established when the negative after-potential has 
grown to some extent. As suggested for the production of repetition in 
myelinated nerve fibres by veratrine (Tasaki & Mizuguchi, 1948), and in 
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muscle fibres -by .tetraethylammonium (TEA) (Hagiwara & Watanabe, 
1955), re-stimulation by an increased negative after-potential can be 
regarded as one of the mechanisms involved. However, the existence of 
other important mechanisms is suggested by the fact that normal un- 
poisoned axons of the cockroach do not give a repetitive response on 
application of a long-lasting cathodal current (Yamasaki & Narahashi, 
19596). Hence, it can be stated that DDT establishes a condition in 
which a repetitive response arises from any long-lasting depolarization, 
- such as that provided by an increased negative after-potential. 

It is interesting to note in this connexion that damped oscillations are 
observed on the decay of the negative after-potential immediately after 
the repetitive period is over. It seems reasonable to assume that the 
above-mentioned condition, which favours repetition when the negative 
after-potential increases, is related to an augmentation of oscillatory — 
potentials. Thus, if the tendency for the axon membrane to set up oscil- 
latory potentials in response to cathodal currents is increased by DDT, it 
follows that the increased and prolonged negative after-potential following 
a spike generates large oscillatory potentials, which are able to give rise to 
action potentials if they are of sufficient amplitude. The second impulse 
_ likewise sets up the third impulse and so on. With the advance of time the 
state of repetition is suppressed as described before. At this time the 
oscillatory potentials are so decreased in amplitude that they fail to give 
rise to action potentials. They can be observed as damped oscillations 
superimposed on the declining phase of the negative after-potential. In 
view of these considerations it may be stated that the induction of repeti- 
tion by DDT which is observed in the initial stage of poisoning can be 
interpreted as being due to, the two factors, i.e. moderately increased 
negative after-potential, and augmented oscillatory potentials. 

Oscillations of membrane potential have received considerable attention 
(Arvanitaki, 1939, 1943; Cole & Curtis, 1941; Cole, 1941; Hodgkin & 
Rushton, 1946; Shanes, 1949a; Sjodin & Mullins, 1958). Cole & Curtis 
(1941) and Hodgkin & Rushton (1946) have shown that oscillatory pro- 
perty of the membrane depends on the apparent inductance, resistance and 
capacity of the membrane. Thus the damped oscillations observed during 
a flow of cathodal current in Carcinus axons were attributed to a decrease 
in membrane resistance upon depolarization (Hodgkin & Rushton, 1946). 
This explanation seems to be applicable to the present case; a decrease in 
_ membrane resistance caused by an augmented negative after-potential 
would cause oscillations, if the three parameters of the membrane property 
were altered by DDT in such a manner as to favour oscillations. However, 
since no data are available for alteration of the membrane constants 
by DDT, it is unwise to speculate further. It should be added that 
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Shanes (1949a) observed the after-potentials of the normal squid giant 
axon to be oscillatory. ; 

Various hypotheses have been put forward for the mechanism of action 
of DDT on nerve. Welsh & Gordon (1947) and Gordon & Welsh (1948) 
carried out a series of experiments on the repetitive response of crayfish 
axons under the influence of DDT and various concentrations of calcium. 
They found that in the DDT-treated axon a single stimulus gives rise to a 
train of impulses. This effect was accelerated by low [Ca], and was similar 
to that produced by low [Ca]. They concluded that DDT is adsorbed at or 
near the axon surface and acts as a barrier layer which hinders the normal 
reaction of calcium ions with the surface. 

In our previous studies the effects of DDT, potassium and certain meta- 
bolic inhibitors on the resting and action potentials of the cockroach nerve 
were examined with external electrodes (Yamasaki & Narahashi, 1957 a, d). 
Unlike potassium and metabolic inhibitors, DDT had little or no effect on 
the resting potential and impulse conduction, though a marked increase in 
negative after-potential was caused. It was suggested that DDT affects the 


_ nerve function by changing the ionic permeability of the nerve membrane. 


The experimental evidence described in the present paper provides con- 
vineing evidence that a marked delay and partial suppression of the rise in 
potassium conductance during aetivity are responsible for the increase in 
negative after-potential caused by DDT. The sodium inactivation process 
which occurs during the latter half of the spike is unlikely to be inhibited 
by DDT. This view strongly supports our previous hypothesis. It is also 
consistent with Welsh & Gordon’s (1947) hypothesis in the sense that DDT 
exerts its effect at the surface membrane of the axon. 

However, the present results, together with our observations on calcium 
action (Narahashi & Yamasaki, 1960), do not seem to fit with Welsh and 
Gordon’s hypothesis, in that the action of DDT cannot be linked with 
calcium in the manner suggested by the hypothesis. The reasons for this 
supposition are as follows: (a) The resting potential, the magnitude and the 
maximum rates of rise and fall of the action potential, and the height of the 
negative after-potential, are all reduced by lowering the external calcium, 
whereas these changes are not caused by DDT. (b) The giant axon of the 
cockroach, even when treated with low-calcium solutions, neither gives rise 


_ to repetitive activity in response to a single stimulus nor discharges im- 


pulses spontaneously ; this is in striking contrast with the results for lobster 
and crayfish axons, with which repetitive or spontaneous activity is 
observed when the external calcium is lowered (Adelman, 1956; Gordon & 
Welsh, 1948). (c) The repetitive response of the DDT-poisoned cockroach 


axon is not suppressed by raising the external [Ca]; this is also contrary to 
the results for crayfish axons, with which the repetitive response produced 
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by DDT is effectively suppressed by raising [Ca] (Gordon & Welsh, 1948). 
All these three arguments are incompatible with the idea that DDT 
competes with calcium for sites at the surface membrane. 

The spike height during a repetitive response induced by DDT is 
increased by raising calcium. Since the proportion of the sodium-carrying 
system which is in an inactive state is decreased by raising calcium 
(Frankenhaeuser & Hodgkin, 1957), the improvement can be accounted 
for by a removal of inactivation. 

Prolongation of the nerve action potential is known to be produced by 
treatment with certain drugs or ions such as veratrine alkaloids (Shanes, 
1958), TEA (Burke, Katz & Machne, 1953; Tasaki & Hagiwara, 1957), 
high concentrations of glycerin (Mueller, 1958), and cobalt and nickel ions 
(Matsumoto, 1959; Sasaki, 1959). Among these, TEA was demonstrated 
to depress delayed rectification in the nerve cells of Onchidiwm (Hagiwara 
& Saito, 1959). It is apparent that TEA resembles DDT in the sense that 
the rectifying property of the membrane is suppressed. On the other hand, 
the veratrine-induced negative after-potential is different from that 
induced by DDT in that the former declines with a single exponential 
term (Shanes, Grundfest & Freygang, 1953), and may involve an increase 
in sodium conductance (Shanes, 1958). 

It is interesting to note that the DDT-poisoned axon, when treated with 
potassium-free solution, gives rise to action potentials which resemble 
those of mammalian cardiac muscle fibres. The behaviour of the membrane 
potential under these conditions will be further described elsewhere. 


SUMMARY 


1, After treating a cockroach giant axon with DDT, the positive phase 
following the spike decreased and finally disappeared, and the negative 
after-potential increased until it attained a maximum, although the spike — 
phase underwent little change. There was a brief period during which a 
repetitive response could be induced by a single shock. Thereafter, how- 
ever, the rate of fall of the spike potential slowed considerably, and the 
negative after-potential finally began to decrease. Conduction block was 
never observed, and the resting potential underwent little change throug)h- 
out. 

2. Immediately after the repetitive period, damped oscillations were — 
often seen on the declining phase of the increased negative after-potentia'. 

3. In normal axons the time course of the decay of the negative afte’- 
potential following a single impulse could be expressed as a single e~- 
ponential term. After treatment with DDT, however, the decay w: : 
initially slower than normal, and terminated in a faster phase. 
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4, After a train of impulses in a DDT-poisoned axon, the declining 
phase terminated in a very slow component which was less marked than 
in a normal axon, and there was little or no sign of the terminal fast phase 
seen after a single impulse. 

5. Unlike normal axons, the negative after-potentials in the DDT-. 
poisoned axon did not add linearly during a train of impulses. 

6. Delayed rectification, which was always observed in the normal 
axons when cathodal current was applied, was found to be further delayed 
and partly suppressed in the DDT-poisoned axons. On cessation of cathodal 
current the electrotonic potential decayed more slowly in the DDT- 
poisoned axons than in the normal ones. 

7. Arise in external potassium concentration reduced the DDT-induced 
negative after-potential. In potassium-free solutions it was greatly aug- 
mented and a plateau appeared. 

8. A rise in external calcium concentration caused a further i increase in 
the DDT-induced negative after-potential. 

9. Itis concluded that the increase in negative aiter-potential caused by 
DDT is not caused by a rise in potassium accumulation near the nerve 
membrane, but by a delay and suppression of the rise in membrane 
potassium conductance which accelerates the falling phase of the action 
potential. 


We are indebted to Dr S. Hagiwara and Dr A. M. Shanes for criticisms during the course 
of this work. Thanks are also due to Miss 8. Hamada for technical assistance. 
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Although acetylcholine excites nerve endings (Brown & Gray, 1958; 
Douglas & Gray, 1953; Zotterman, 1953; Gray & Diamond, 1957; Dia- 
mond, 1959; Douglas & Ritchie, 1960), there is a lot of experimental evi- 
dence whagh suggests that it does not act on the main part of the fibre 
running in the nerve trunk. For example, it does not initiate impulses 
when injected close-arterially into mammalian nerve trunks or when 
applied to amphibian single nerve fibres (Jarrett, 1956), it does not de- 
polarize the fibre or block conduction (Lorente de Né6, 1944; Straub, 


_ 1955) and it does not alter the membrane conductance of squid giant 


axons (Hodgkin, 1947). However, in a recent series of experiments where 
acetylcholine was injected close-arterially into the cat’s skin to study its 
excitatory effect on the endings of sensory non-myelinated fibres of mam- 
malian cutaneous nerves (Douglas & Ritchie, 1960), a striking change was 
often observed in the shape of an antidromic C potential recorded from 
the nerve near the point where it left the skin. The type of change observed 
suggested that the after-potential had been altered. The affected region 


of the nerve was close to the skin, and it was observed that often the close- 


arterial injection not only réached the skin, but also perfused the nerve. 


It thus seemed likely that externally applied acetylcholine could alter 


the electrophysiological properties of mammalian C fibres, but with the 
techniques then used no definite conclusions could be reached. The present 
experiments use a technique more suited to this particular problem and 
deal with the action of acetylcholine on non-myelinated fibres in isolated 
mammalian nerves. 

METHODS 


Adult rabbits were anaesthetized with urethane (1-6 g/kg) given into a marginal ear vein 
as a 25% (w/v) solution. A length of about 60-70 mm of a cervical vagus nerve was excised 
and then desheathed under the microscope (magnification x 25) by dissection with sewing 
needles sharpened to fine scalpels. In several experiments a similar length of the thoracic 
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vagus near the level of the diaphragm was used; according to Evans & Murray (1954) this 
nerve contains hardly any myelinated fibres (less than 0-3% compared with about 13 % in 
the cervical portion of the vagus). The desheathed nerve was then mounted on the sucrose- 
gap apparatus (Fig. 1) which was devised by Stampfli (1954) and described in detail by 
Straub (1956, 1957); this apparatus had previously been used to study the C fibres in 
mammalian cervical sympathetic trunks (Ritchie & Straub, 1957). A single electrical shock 
delivered from an RF isolation unit (Schmitt, 1948) to minimize shock artifact, could be 
applied through any two of four indwelling platinum electrodes (Z,, #,, H;, and E,); usually 
E, and E, were used with the eathode at #,. Rectangular pulses of current of 0-05 msec 
duration were used to excite the myelinated fibres and pulses of 0-5 msec duration to excite 
the non-myelinated fibres. The potentials were recorded at the junction between the fluid 
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L 
Fig. 1. The sucrose-gap apparatus showing the arrangement of electrodes for 
stimulating (Z, and £,), for recording (W, and W,) and for applying external cur- 
rents ‘”, and Z,). S is a reversing switch, and R a series resistor (0- 1-100 MQ). 
For detailed description, see text. 


which flowed through the fine Perspex tube (7',) and the isotonic sucrose solution in the 
middle Perspex tube (7); the distance from this junction to the stimulating cathode at 
E, was about 5 mm. These potentials were recorded relative to the potential which existed 
at the interface between the sucrose solution and the Locke’s solution flowing through 
the Perspex tube (7';) and which was assumed to remain constant throughout the experi- 
ment. The action potential and changes in the resting membrane potential were picked up 
through a pair of non-polarizable Ag—AgCl cotton wick electrodes (W,, W,), fed into a low- 
grid-current cathode-follower and then into a directly coupled amplifier. The potentials 
were displayed on a cathode-ray oscillograph and photographed on film. In some experi- 
ments small currents were passed through a Ag—AgCl cotton wick electrode (W,) dipping 
into the pool between 7’, and 7’, and one of the indwelling platinum electrodes (H, or E,). 
This current could be varied by means of a series resistor (R) and could hyperpolarize or 
depolarize the fibre at the point of recording by. extra-polar spread, depending on the 
setting of a reversing switch (S). The rate of flow of the perfusion fluid was measured on a 
small flowmeter: it was usually about 0-5-1 ml,/min. The temperature of the perfusion 
fluid near the recording sucrose—Locke’s solution interface was measured by means of a 
fine thermocouple: it was usually about 30-35° C. The perfusion fluid in 7', could quickly 
be changed by means of a tap (not shown in the diagram). : 

The composition of the Locke’s solution used was (mm): NaCl, 154; KCl 5-5; CaCl,, 2-2: 
dextrose, 5-0. It was buffered in a few early experiments by adding NaHCO, (final concen- 
tration, 1-9 mm) and bubbling into it a 5% CO,, 95% O, mixture; but in most experiments 
it was buffered by adding a sodium phosphate buffer (1 or 2mm) to bring the pH to about 7°). 
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This latter solution was equilibrated with oxygen. The acetylcholine solutions used in the 
experiments were always freshly prepared from new phials of acetylcholine chloride (Merck) 
usually within a few minutes of testing its effect. 


RESULTS 


The vagal C potentials 

The typical vagal compound action potential obtained with the present 
technique is illustrated in Fig. 2a. It consisted of two main elevations. 
The smaller was usually merged with the stimulus artifact, and was de- 
rived from the fast-conducting myelinated B fibres; the main component, 
which was usualy between 5 and 20 mV in amplitude, was the C potential 
derived from the non-myelinated fibres. In this and in all subsequent 
records of the compound action potential the record of the combined B 
and C potentials obtained by using a strong shock was superimposed on a 


Fig. 2. The compound vaga /action potential of the rabbit’s cervical vagus nerve. 
The B potential is lost in the stimulus artifact. The main elevation is the C potential 
of the non-myelinated fibres. The records were taken: (a) in the normal nerve; 
(6) during the passage of a depolarizing current of 15 »A between W, and #, (Fig.1); | 
(c) during the passage of a hyperpolarizing current of 15 nA. The vertical bar 
represents 5 mV and the horizontal bar 250 msec. The temperature of the nerv 
was 35-2° C. 


record of the B potential only, which was obtained immediately beforehand 
and which thus provided a base line for the C potential. The C spike was 
followed by a large after-positivity which in a series of 20 fresh nerves 
in phosphate-buffered Lock’s solution varied from 0 to 7:5 % of the spike 
height (except in one nerve where it was 15-5%), the average being 
4-0+0-8% (s.u.) of the spike. No preparation ever gave the large 
positive after-potentials, up to 30% of the spike height, which Gasser 
('950) postulated in his reconstruction of the C potential of the saphenous 
nerve. The after-positivity tended to become more pronounced in prepara- 
tions which had been mounted for some time. It was enhanced by 
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depolarizing the fibre by external currents (Fig. 26) and abolished by 
hyperpolarizing the fibre (Fig. 2c). These latter observations suggest that 
the origin of this after-positivity is the same as that suggested by Franken- 
haeuser & Hodgkin (1956) for the positive phase of the spike in the squid 
axon. They point out that if the resting membrane potential is below the 
potassium equilibrium potential (which it usually is) the rise in the mem- 
brane permeability to potassium ions persisting immediately after the 
spike (Hodgkin & Huxley, 1952) will give rise to a transitory hyper- 
polarization. 


The action of acetylcholine on the vagal C fibres 
The effect of acetylcholine on the resting potential. When the Locke’s 
solution in 7’, bathing the nerve was switched to a solution containing 
acetylcholine in a concentration of 3x 10-* (w/v), i.e. a concentration 
of about 1-6 mm, there was a rapid fall in the membrane potential (Fig. 3) 
after an initial delay of about 20sec, which represented the time taken 
to clear the dead space of the switching apparatus. On being returned to 


Fig. 3. The effect of acetylcholine on the resting membrane potential of the rabbit’s 
cervical vagus nerve. At the first marker the perfusing fluid was changed from 
Locke’s solution to one containing 3 x 10-* acetylcholine. At the second marker 
perfusion with the original Locke’s solution was resumed. An upward deflexion 
indicates depolarization. The vertical bar represents 5 mV and the horizontal bar 
3 min. The temperature of the nerve was 35:1°C. _ 


Locke’s solution the membrane repolarized, although recovery was 
relatively slow and was often not complete. The depolarization was 
usually measured 3 min after switching to Locke’s solution. It nearly 
always occurred (one exception was observed in sixteen experiments, 
when there was a slight hyperpolarization which may have been due to 
amplifier drift). In experiments on sixteen different nerves the average 
depolarization after 3 min was 1:23+0-:19 mV. However, the maximum 
depolarization sometimes occurred earlier than this, as in the experiment 
of Fig. 7. 

With a smaller concentration of 10-4, little or no change in the resting 
potential was observed. In seven of the experiments described above. 
where a concentration of 3x 10-* was used, a concentration of 6 x 10-4 
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was also tested. It was found to produce, on the average, about 140% 
of the depolarization that the smaller, standard, concentration produced. 
In three experiments a concentration of 10-* was tested, producing an 
even greater depolarization, the average being about 180% of that ob-— 
tained with a concentration of 3 x 10-4. 

Because of the small degree of short-circuiting of the fibres with the 
sucrose-gap technique these measured membrane potential changes are 
assumed to be close to the actual membrane potential changes. The 
absolute value of the resting potential could not, unfortunately, be 
determined, for with the particular sucrose-gap (7', in Fig. 2) which was 
used in the present experiments the nerve preparation only partly filled 
the lumen. This meant that when the preparation was perfused with iso- 
tonic potassium chloride solution instead of Locke’s solution, in an attempt 
to measure the resting potential of the fibres, a large part of the recorded 
depolarization must have been caused by the more rapid diffusion of 
potassium than of sodium into the sucrose solution. Indeed, when the 
nerve preparation was replaced by a piece of thread of the same or smaller 
diameter, depolarizations of over 20 mV were obtained by changing the 
perfusion fluid from an isotonic sodium chloride solution to an isotonic 
potassium chloride solution; similar hyperpolarizations were obtained on 
changing the perfusion fluid from an isotonic sodium chloride solution to 
an isotonic lithium chloride solution, as would be expected from the order 
of the mobilities of the lithium, sodium and potassium ions. The depolariza- 
tion with acetylcholine in the nerve experiments, however, reflected an 


effect of the drug on the nerve membrane and was not a diffusion potential, 


for the diffusion effect with acetylcholine (and with choline) was found to 
produce a hyperpolarization, as would be expected with ions less mobile 
than the sodium ion. The small concentrations of acetylcholine used in 
the present nerve experiments did not in fact produce any vee 
diffusion potential. 

The effect of acetylcholine on sie height. The depolarization of the C iin 
by acetylcholine was accompanied by a fall in spike height. This is illus- 
trated in Fig. 4, which shows the results obtained in two typical experi- 
ments. The upper left-hand record a is the control record taken shortly 
before one of the nerves was perfused with a concentration of 3 x 10~* 
acetylcholine. The middle record (b) was taken 3 min after the change 
over had taken place. It is clear that not only is there a depolarization 


of about 2-083 mV (indicated by the shift in the level of the record) but 


that there is also a fall of about 2:55 mV (ie. 18%) in spike height. 
The lower 3 records show the effect of a 3 min exposure to a lower concen- 
tration, 10-4, of acetylcholine (e) and the subsequent recovery on resuming 


perfusion by Locke’s solution (f). In observations made repeatedly on 
10 PHYSIO, CLI 
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more than thirty different nerves, this reduction in spike height was 
always obtained on exposure of the preparation to an acetylcholine con- 
centration of 3 x 10-*; recovery was usually complete within 6 min of the 
nerve being returned to Locke’s solution. In eighteen nerves where the 
acetylcholine was tested on the fresh preparation in phosphate-buffered 
Locke’s solution, the average fall after 3 min exposure to acetylcholine 
was 2:79 mV, with a standard deviation of 1-15 mV (s.8.+0-27); this 
corresponded to an average fall of 32-2% in the spike height, with a 


Fig. 4. The effect of acetylcholine on the C potential of the rabbit’s cervical vagus 
nerve. The upper three records (a, b and c) were taken from one preparation and 
the lower three (d, e and f) from another. Record a was taken just before and record 
b 3 min after exposure of the nerve to 3 x 10~* acetylcholine; record c was taken 
15 sec after b with the preparation still in the acetylcholine solution, but hyper- 
polarized by passing 7-7 uA between W, and H, (Fig. 1). Record d was taken 
just before, and record e 3 min after exposure to 10~* acetylcholine. Record f was 
taken 6 min after the drug had been removed. In this and all subsequent figures 
(except Fig. 6 and 11) the vertical displacement of the records reflects the changes 
in resting membrane potential. In the upper set of records the vertical bar 
represents 10 mV and the horizontal bar 250 msec; the corresponding bars in the 
lower set represent 5 mV and 100 msec, respectively. The temperature of the nerve 
in the upper set was 35-3° C; the temperature of that in the lower set was not 


standard deviation of 7-5% (s.u.+1:8%). Higher doses produced larger 
falls ; this is illustrated in Fig. 5 which shows the results of one experiment 
on a particularly sensitive preparation, where the response to four different 
concentrations of acetylcholine was tested. In seven experiments where a 
concentration of 6 x 10-* was used, the reduction in size of the action 
_ potential was on average 45% greater than the reduction with the stanc- 
ard concentration of 3 x 10-4 obtained about 10 min beforehand; in five 
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similar experiments where a concentration of 10-° was used the corre- 
sponding reduction was 90% greater than with 3x 10-*. In some other 
experiments where only a concentration of 10-* was tested complete block 
occurred. A concentration of 10-4 was usually ineffective, but as has been 


shown in Fig. 4e, it could on occasion reduce the spike. 


Fall in spike height (% of initial) _ 


0 . — 
104 323x104 | 10x10 
Concentration of ACh (w/v) 


Fig. 5. The relationship between the concentration of acetylcholine in the per- 

fusion fluid and the reduction in the height of the C potential of the rabbit's 

vagus nerve. Same nerve as in Fig. 4 (lower set). Note that the concentration 
_ scale is logarithmic. 


The effect of acetylcholine on conduction velocity. Even in records of the 
C potential such as those in Fig. 4, which were taken on a slow time base, 
it could be seen that acetylcholine delayed the spike. This effect is seen 
particularly clearly with a faster time base, as in the experiment of Fig. 6. 
In this experiment each of the four indwelling platinum stimulating elec- 
trodes was used in turn as the stimulating cathode so that an accurate 
estimate of the conduction velocity could be obtained by the graphical 
method illustrated in the figure. The peak of the C potential in this pre- 
paration was found to be conducted at 0-99 m/sec at 35° C. Ten minutes 
after the preparation had been exposed to a concentration of 6 x 10~ 
acetylcholine a similar determination of conduction velocity showed the 
peak to be conducted at only 0-57 m/sec, i.e. a slowing of over 40% had 
occurred. 


Since bundles of nerve fibres rather than single axons were used in the 
10-2 
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present experiments, this slowing in conduction must have contributed to 
the fall in spike height, for the more time that is allowed for temporal 
dispersion to occur, the smaller the action potential of the whole nerve 
becomes (Ritchie & Straub, 1956). A similar explanation accounts for the 
further observation, illustrated in Fig. 6, that the percentage fall in spike 
height was greater with long conduction distances than with short conduc- 
tion distances. Thus with Z, as the stimulating cathode the smallest con- 
duction distance was obtained, and acetylcholine was found to produce 


Fig. 6. The effect of acetylcholine on the conduction velocity of the non-myelinated 
fibres of the rabbit’s vagus nerve. The four left-hand records were taken in 
Locke’s solution. They were obtained by using H,, H,, E, and H, (Fig. 1) in turn as 
the stimulating cathode. The numbers at the side of each trace indicate the dis- 
tances in millimetres of the stimulating cathode from Z,. The vertical positioning of 
each trace in the composite figure is proportional to this distance. The three right- 
hand traces are the corresponding records (using Z,, Z, and Z;) obtained 10 min 
after the preparation was exposed to a concentration of 6 x 10-* acetylcholine. 
The vertical bar represents 5 mV and the horizontal bar 10 msec. The temperature 
of the preparation was 34° C. : 


a 34-9 % fall in spike height (top pair of records), whereas with H, and F, 

as the stimulating cathodes the corresponding effects were 45-5 and 45-9 %,, 

respectively: with H, as the stimulating cathode the reduction in spike 

height was 65-2 %. 

‘The effect of acetylcholine on the positive after-potential. It can be seen 
‘in Fig, 4 that acetylcholine, in addition to depolarizing the fibre and 
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rectal the spike, has changed the form of the positive after-potential. 
The main change, which nearly always occurred when the after-potential 
could be resolved in the records, was that its peak occurred earlier; the 
acetylcholine also often caused the positive after-potential to end slightly 
earlier and to increase its amplitude at its peak. These changes were 
particularly pronounced in early experiments with the bicarbonate-buf- 
fered Locke’s solution, but this may have been due to chance rather than 
to an effect of the bicarbonate ion. 


The effect of hyperpolarizing currents on the action of acetylcholine 

Depolarization of the fibre with external currents reproduces many of 
the effects of perfusion with acetylcholine. This can be seen by comparing 
the C potential of the depolarized fibres in Locke’s solution shown in 
Fig. 26 with the C potential obtained when the same preparation was 
exposed to a concentration of 3 x 10-* acetylcholine shown in Fig. 4b. The 
records are remarkably similar to one another; in both the spike height 
is reduced and the after-positivity enhanced. It therefore seemed worth 
while to find out whether or not the action of acetylcholine could be 
reversed by hyperpolarizing the fibres with externally applied currents. 
The results of one such experiment are illustrated in Fig. 4c, where it can 
be seen that the after-potential changes produced in the presence of 
acetylcholine have been reversed by means of a small hyperpolarizing 
current. However, the spike height, though increased by this procedure, 
was never returned to its original level. It seems therefore that the effects 
of acetylcholine in reducing spike height aad not be entirely caused by the 
acetylcholine 


The time course of the action of acetylcholine 


The resting and action potentials. In most experiments the nerve was 
stimulated infrequently, once every 3 min. The long interval between 
stimuli was chosen because, as Gasser (1950) has emphasized, previous 
activity alters the shape of the spike. Any such alteration as a result of 
the stimulation technique would have confused the interpretation of the 
action of acetylcholine. In a few experiments, however, the stimulation 
frequency was increased to 4 shocks/min to allow the time courses of the 
effects of acetylcholine on spike height and on resting potential to be 
obtained. The first portion of a series of records taken in such an experi- 
ment is shown in Fig. 7. The records show that the reduction in spike 
height and the depolarization occur pari passu. This is seen particularly 
clearly when the time courses of the depolarization and of the reduction 
in spike height are plotted together, as in Fig. 8. In this experiment there 
was actually some recovery in the membrane potential even when the 
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fibre was still exposed to the acetylcholine; this recovery in membrane 
potential was accompanied by a partial recovery in size of the spike. 

In experiments such as that illustrated in Fig. 8 the size of the effect 
on the resting potential recorded 3 min after exposure to the drug was 
smaller than the maximal effect occurring about 1 min after the exposure. 
This early maximum was usually followed by a more slowly developing 
effect. Thus, in most of the experiments where records were taken only 


Fig. 7. Records showing the early time course of the action of acetylcholine on 
the non-myelinated fibres of the rabbit’s vagus nerve. The records were taken 
every 15 sec, The left-hand record is the control and the switch to perfusion with 
3 x 10-* (w/v) acetylcholine occurred immediately after this record was taken. The 
vertical bar represents 10 mV and the horizontal bar'250 msec. The — of 
the nerve was 34-8° C, 


Fall in potential (mV) 


2 
Time after beginning ACh perfusion (min) 


Fig. 8. The time course of the action of acetylcholine (3 x 10-*) on the resting 
membrane potential (open circles) and on the amplitude of the C potential of the 
rabbit’s vagus nerve (solid circles). The temperature of the nerve was 34-8° C. 
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every 3 min, the depolarization tended to increase slowly in successive 
records. This was parallelled by a continued increase in the effect of 
acetylcholine in reducing spike height. This is illustrated by the experi- 
ment of Fig. 9, which shows that in a preparation where a 3 min exposure 
to 3x 10 acetylcholine produced a typical 32-6 % fall in spike height, 
longer exposures of 6 and 9 min prod falls of 50-0 and 58-9 % of spike — 
height, respectively. 


Fig. 9. The effect of prolonged exposure to acetylcholine on the non-myelinated 
fibres of the rabbit’s cervical vagus nerve. Record a was taken before, and records 
b, c and d were taken 3, 6 and 9 min respectively after perfusion with 3 x 10-¢ 
acetylcholine was begun. Record e was taken 12 min after the preparation was 
returned to Locke’s solution. The vertical bar represents 5 mV and the horizontal 
bar 250 msec. The temperature of the nerve was 34-2° C. 


The positive after-potential. Figure 7 illustrates a further typical 
finding in these experiments. The positive after-potential was particularly 
pronounced within the first minute after switching to perfusion by an 
acetylcholine solution, becoming larger in amplitude and more transitory 
than the type of after-potential which was recorded after exposure of 
3 min or more (as in Fig. 45). 

Conduction velocity. The time course of the effect of acetylcholine on. 
conduction velocity was determined by observing the progressive changes 
in the latency of C potential after exposure of the fibres to acetylcholine. 
As can be seen in Fig. 10 (solid circles) the latency changes occurred in 
two phases: there was first a slight reduction and then an increase. The 
effect of acetylcholine on spike height (open circles) also occurred in two 
phases, These correspond with the early and late phases previously 
illustrated in Figs. 8 and 9, which also indicate that there is an early and a 
late phase of depolarization. 

A comparison of Figs. 8 and 9 and 10 makes it clear that the two phases 
of reduction in spike height, of depolarization and of latency changes 
correspond in time with one another. There is a rapid phase which reaches 
maximum about 1 min after switching to perfusion with acetylcholine 
(i.e. within 4 min of the drug reaching the preparation) and a much slower 
phase which requires more than 5-6 min to reach its maximum. 
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Fig. 10. The time course of the effect of acetylcholine on the conduction velocity of 
the non-myelinated fibres in a rabbit’s cervical vagus nerve. The abscissae are the 
times after first exposing the preparation to a concentration of 6 x 10-‘ acetyl- 
choline, and the ordinate is the latency of the:peak of the C potential (solid circles) 
and the reduction in spike — (open circles). The Seeiperatare of the nerve 
was 34° C. 


‘The effect of acetylcholine on the myelinated B fibres 

* The action of acetylcholine on the myelinated vagal B fibres was not 
studied systematically because our main interest lay in its action on 
the C fibres. But it was often observed that the concentrations of acety!- 
choline which reduced the C potential also reduced the B elevation of the 
- compound action potential. This reduction might have been caused by a. 
direct action of acetylcholine on B fibres; or it might have occurred | 
because the partially depolarized C fibres presented a smaller short- 
circuiting resistance to the B fibres than did the C fibres in Locke’s solu- 
tion, thus reducing the B potential. This latter possibility has not yet been 
tested directly. There is no doubt, however, that the reduction of the C 
potential is a direct effect of acetylcholine and is-net caused by an increased 
short-circuiting of affected B fibres, for typical effects of acetylcholine 
were obtained in several experiments on the lower portion of the thoracic 
vagus nerve at the level of the diaphragm, which contained hardly any 
myelinated fibres (Evans & Murray, 1954) and which was found in the 
present experiments to have an insignificant B potential. ; 


The effect of eserine on the action of acetylcholine 
The action of acetylcholine in depolarizing nerve fibres seems in some 
ways analogous to its action in depolarizing various junctional tissues, 
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such as the motor end-plate and the ganglionic synapse. It was expected, 
therefore, that anticholinesterases would potentiate the action of this drug 
on nerve fibres, as it does elsewhere, by preventing the tissue break-down 
of acetylcholine. We were therefore surprised to find that in the presence 
of eserine salicylate (1-10 x 10-5, w/v), acetylcholine had a smaller effect on 
the spike height (Fig. 11). The effect of eserine in blocking the action of 
acetylcholine may be the same as that reported by Dettbarn (1959) who 
found that it blocked the depolarizing action of various lipid-soluble 
quaternary ammonium ions on the myelinated fibres of the frog. 

Whereas eserine in weak concentrations (10~ or less) had no action 
by itself on spike height, eserine in stronger concentrations (3 x 10-5-10-*) 
always reduced the spike (by an average of 10-6 % in 3 min in four experi- 
ments and by greater amounts at longer times); there was, however, no 
detectable depolarization with these concentrations. An even stronger con- 
centration (10-*) produced a complete block in conduction. This block was 
partially reversed by applying a hyperpolarizing current, as Wright (1956) 
had previously noted. Concentrations of eserine as low as this (0-08—0-2 mm 
to reduce spike height, and 2 mm to produce block) have not. previously 
been reported to be effective on myelinated fibres (Langley & Dickinson, 
1890; Lorente de N6, 1944; Straub, 1955; Wright, 1956) or on squid 
nerve fibres (Bullock, Nachmansohn & Rothenberg, 1946). 


DISCUSSION 


The main conclusion to be drawn from these experiments is that 
acetylcholine does have a definite action on certain peripheral nerve axons; 
it depolarizes the axons of vagal non-myelinated fibres, it reduces their 
spike height, it slows conduction in them and it causes the positive 
after-potential in these fibres to become more rapid in onset and often 
to become larger in amplitude. The changes in the after-potential would, 
of course, account for the original observation of the effect of acetyl- — 
choline on nerve fibres made by Douglas & Ritchie (1960). In their 
experiments, electrical shocks were applied to the cat’s saphenous nerve 
high in the thigh and the evoked antidromic action potentials were 
recorded diphasically by a pair of electrodes on a small nerve branch just 
before it entered the skin near the knee. They noted that the conventional 
negative followed by positive deflexions of the diphasic records were suc- 
ceeded by a long-lasting apparent negativity. This could have been due 
to the appearance of a negative after-potential at the recording electrode 
nearer the stimulating pair. However, another possibility is that it 
was due to the enhancement of a positive after-potential at the other, 
more distant, recording electrode; either an increase in its peak height 
or a more rapid onset of the after-potential would be sufficient. Since 
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acetylcholine has now been shown to have both these effects on the 
positive after-potential and since the more distant recording electrode was 
the more likely to be reached by the close arterial injection (being nearer 
the skin) it seems that the second possibility is the one which most likely 
accounts for the phenomenon observed by Douglas & Ritchie (1960). 
The question which immediately arises is why no depolarization, 
reduction in spike height, or blockage of nerve conduction was noted pre- 
viously. Clearly, it has not been due to oversight, for many studies have 
been made to see whether or not such effects occur (e.g. Lorente de N6, 
1944; Straub, 1955) particularly because of the important role which 
acetylcholine is sometimes assumed. to play in nervous conduction (see 
Nachmansohn, 1959). One possible explanation for the success of the 
present experiments in demonstrating an action of acetylcholine is that 
surface phenomena (such as membrane potential changes) are better seen 
in non-myelinated fibres because they have a particularly large surface: 


Fig. 11. Records of the C potential of the rabbit’s cervical vagus nerve taken to test 
the effect of eserine on the action of acetylcholine on the C fibres. The records 
on the left-hand side were all taken with the nerve in Locke’s solution ; those on the 

right-hand side were all taken after 6 min exposure to a concentration of 3 x 10~* 
acetylcholine. Each set of records has been brought to the same base line. The top 
pair of records, a, shows the effect of acetylcholine on the untreated nerve. Between 
taking the records on the left-hand side and the middle records in b, eserine (10-°) 
was added to the perfusion fluid and was still present when the effect of acetylcholine 
was subsequently tested (right-hand records). The pair of records in c was taken 33 
min after the last of the records in b during which time the fibre was bathed in Locke’s 
solution (with no eserine in it). Note the partial recovery in the action of acetyl- 
choline. The vertical bar represents 5 mV and the horizontal bar 250 msec. The 
temperature of the nerve was 34-2° C. 
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volume ratio. This ratio is much larger in the small non-myelinated vagal 
fibres than in the larger fibres used previously, such as the myelinated 
fibres of amphibia or the squid fibres. It seems from these experiments, 
and from others now being made on the effects of neurotropic drugs 
on nerve fibres (P. Greengard & J. M. Ritchie, unpublished), that these 
small fibres may be intermediate, as far as their pharmacological reactions 
are concerned, between the more commonly studied peripheral axons which 
tend to be relatively insensitive to applied drugs and the nerve-cell bodies 
with their dendrites. | 

The present experiments were carried out on nerve bundles rather than 
on single fibres. It is therefore difficult to determine whether the effect 
of acetylcholine on the membrane of an individual fibre is really graded, 
getting greater as the concentration of the drug is increased, or whether 
the observed decrease in the C potential is caused by an increasing number 
of fibres becoming completely blocked. Furthermore, because temporal 
dispersion occurs under the experimental conditions, a reduction in the 
C potential could have been caused without any fall in spike height of the 
individual fibres either if the spike became shorter in duration or if the 
conduction velocity decreased. The depolarization by itself must have 
led to a decrease in the spike height of the individual fibres, for in addition 
to lowering the potential from which the spike started it must also have 
reduced the amount of overshoot by partially inactivating the sodium 
carrier mechanism (Hodgkin & Huxley, 1952). How much the observed 
decrease in the C potential of the whole nerve is due to this factor and how 
much it is due to the increased dispersion allowed by the decreased conduc- 
tion velocity is not known at the moment. 

Our experiments do not yet allow us to decide how acetylcholine acts, 
whether, for example it acts by causing a non-specific increase in membrane 
permeability to all ions as it does at the motor end-plate (Fatt & Katz, 
1951) or whether, for example, it increases the membrane permeability to 
one specific ion such as the sodium ion. However, our experiments do 
indicate something about the type of receptor involved. Whatever this 
receptor is, it is blocked by the anticholinesterase eserine. This suggests 
that the receptor is similar to, though not necessarily the same as, 
cholinesterase itself: and that the reaction between acetylcholine and the 
receptor cannot occur in the presence of an anticholinesterase. Whatever 
the explanation, the experiments clearly demonstrate a paradoxical effect 
of an anticholinesterase, namely that it inhibits rather than enhances the 
effect of applied acetylcholine. This is not, however, the first time that 
such an effect has been noted, for Feldberg & Vartiainen (1935) observed 
that although eserine, when injected into the cat’s superior cervical gang- 
lion in small amounts (concentration in the perfusion fluid, 10~*) enhanced 
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the excitant action of a subsequent injection of acetylcholine, a stronger 
concentration (10-*) rendered the ganglion cell unresponsive to acety!- 
choline. This effect, which they attributed to a nicotine-like action of 
eserine, may well have been caused by an action of eserine similar to that 
described in:the present paper. Furthermore Quilliam & Strong (1949) 
observed in isolated perfused hearts which had been exposed to DFP and 
which consequently were very sensitive to applied acetylcholine, ‘that _ 
subsequent exposure to the anticholinesterases eserine or ——— | 

decreased this sensitivity. 

One possible explanation which would account for our results is that 
the effects of acetylcholine on the resting and action potentials depend 
on the action of some of the products of hydrolysis of acetylcholine. We 
have tried to test this possibility by examining the effects of perfusing 
the fibre with choline chloride, with sodium acetate and with solutions 
where the pH had been lowered. Both the choline and the more acid 
Locke’s solutions reduced spike height, but the effects produced were 
rather small, the fall being only 10-20 even when the preparation was 
perfused with a relatively large concentration of choline chloride (15 mm) 
or when the pH was changed by as much as 0-5 unit; sodium acetate 
(15 mm) had little or no effect on spike height. These changes in choline, 
acetate and hydrogen ion concentration are much larger than could be 
produced in the bulk of the solution or on the axoplasm generally; but 
the possibility that changes of this size occur locally in particular regions of 
the membrane cannot be excluded. These experiments therefore do not 
as yet shed much light on the mode of action of acetylcholine on the 
nerve axon. 

It is tempting to speculate that the sensitivity of peripheral nerve 
endings to acetylcholine (Brown & Gray, 1948; Douglas & Gray, 1953; 
Douglas & Ritchie, 1960) reflects the sensitivity of non-myelinated axons 
shown in the present studies, for whether or not the fibres are myelinated 
their endings are non-myelinated. The nerve endings are more sensitive than 
the nerve axons by a factor of at least 10; the threshold response of the 
endings is obtained with a close-arterial injection of 10~ acetylcholine, 
whereas the threshold response of the fibre is obtained with perfusion 
with a concentration of about 10~ of acetylcholine; but this difference 
might possibly be explained on anatomical grounds. However, there is 
one important difference between the two preparations. Acetylcholine 
initiates conducted impulses at sensory nerve endings, but there is no 
evidence that it does so in axons from experiments where it was injected 
into normal nerve trunks (Diamond, 1959), or from the present per- 
fusion experiments even when the amounts were big enough to lead 
eventually to complete block in conduction. Furthermore, the excitatory 
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action of acetylcholine at the endings is certainly not reduced by anticholin- 
esterases (Brown & Gray, 1948). This is just the opposite to what occurs 
with the axon, where the action of acetylcholine has now been shown 
to be much reduced by the anticholinesterase eserine. It seems therefore 
that acetylcholine acts in quite different ways at the two sites, reacting with 
quite different types of receptor. | . | 


SUMMARY 


1. The sucrose-gap technique has been used to record the compound 
action potentials of desheathed bundles of vagal fibres and to study the 
action of acetylcholine on the numerous non-myelinated fibres in this 
nerve. 

2. The action potential of the C fibres is followed by a long-lasting 
after positivity whose peak amplitude is about 4:0 % of the spike height. 

3. When the preparation is perfused with acetylcholine (3 x 10+ w/v) 
the resting potential falls by more than 1 mV, the spike amplitude is 
reduced by about 30%, the conduction velocity is slowed and the after- 
positivity is enhanced. | 

4. Larger effects are obtained with larger concentrations; threshold 
effects are observed with a lower concentration, 10-*. 

5. High concentrations of acetylcholine (10-*) sometimes completely 
block conduction. 

6. These changes are rapidly reversed when the acetylcholine is 
removed. | 

7. Eserine in high concentration has a similar effect on the spike to 
acetylcholine. In a concentration of from 3 x 10-* to 10~ it reduces spike 
height: a concentration of 10-* completely blocks conduction. 

8. The effects of acetylcholine are abolished or much reduced by the 
anticholinesterase eserine. 

9. The action of eserine is reversible. 

This investigation was supported by a research grant (B 1927) from the National Institute 
of Neurological Diseases and Blindness of the National Institutes of Health, United States 
Public Health Service. | | 
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SODIUM PERMEABILITY IN TOAD NERVE 
AND IN SQUID NERVE 
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The passive transport of sodium across the membrane of the squid 
giant nerve fibre has been successfully described in terms of the sodium 
conductance (gy,) of the membrane (Hodgkin & Huxley, 1952a-d). The 
sodium conductance is defined as the ratio of the sodium current (J ,,) 
to the driving electromotive force for sodium (V —V,,), i.e. 


g I xa 
Na 


gx, changes continuously and with finite speed when the membrane 
potential is changed. Since gy, changes with finite speed it is clear 
that the instantaneous value of gx, is the same immediately before and 
immediately after a sudden change in membrane potential. Thus gy, is 
independent of the instantaneous value of membrane potential at which 
it is measured. In normal sea water g,,, was found experimentally to be 
independent of the instantaneous potential at which it was measured. 
These relations do not hold, however, for the myelinated nerve fibre 
(Dodge & Frankenhaeuser, 1958, 1959). The Jy,—V curve is not recti- 
linear at large values of V, but is clearly curved, showing a rectification such 


that gy, would decrease at large values of V. Further the instantaneous _ 


value of gx, is not independent of the instantaneous potential at which 
Jy, is measured. If the toad fibre voltage clamp data are described in 
terms of the sodium permeability (Py) of the membrane, then this am- 
biguity vanishes and P,, is independent of the instantaneous value of V 
at which it is measured, Py, is here defined by the constant field equation 
(Goldman, 1943; Hodgkin & Katz, 1949; Dodge & Frankenhaeuser, 1959). 

Py, (of the toad nerve) can be directly compared with gy, (of the squid 
nerve) only under certain conditions. One such condition is when the 
membrane potential is zero (H = 0). Since in this case there is no net 
slectromotive driving force, ion transport is due to diffusion, and therefore 
‘he sodium permeability is proportional to the inward flow of sodium 


\ 
+ 
} 


TABLE 

Xenopus Hy, {Na} [Na],-[Nal, —(m-mho/ (m-mho 

Axon (mV) (mm) (mm) ho (mA/em?) (mA/cm*) em?) 
A 7,20°C +600 10-4 1041 0-95 — 36-3 — 38-2. 
B 8,20°C 9-6 104-9 0-57 —17-9 — 31-4 
C 9,20°C +562 121 102-4 0-89 — 33-9 — 38-1 _ ns 
D 10, 20°C 15:5 99-0 0-77 — 23-0 —29-9 
E 11, 20°C 182 96-3 0-59 —22-8 — 38-6 — 
F 12, 20°C +50-2 15:3 99-2 0-66 — 39-5 — 59-8 
G mean +541 13:5 101-0 0-738 — 28-9 — 39-3 — — 
20° C 

Squid 
H .+45:0 70-4 389-6 06° — 14 — 23 30-0 50-0 
I 6c +500 57-5 402-5 0-6 — 18 — 2-9 35-0 58-4 
J 6°C 64-0 396-0 0-6 — 15 — 26 54-2 
K 


20°C 64-0 396-0 0-6 — 28 — 46 55-9 93-2 
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divided by the concentration difference of sodium on the two sides of the 
membrane ([Na], —[Na],).. Thus 


PR, I [Na}’— 
PE 1%, [Na]* —[Na}* 


Where X and L indicate results respectively from Xenopus fibres and 
Loligo fibres. Another condition where a comparison is possible is obtained 
when the constant field equation is modified in such a way that it agrees 
with the squid fibre results. 


(1) 


The experimental data required for the first comparison are collected in 
Table 1. The values for the toad fibres at 20° C were obtained in the follow- 
ing way: the resting potential was assumed to be —70 mV. Jy, at H = 0 
was measured on the experimental records. Hy, was calculated from the 
earlier measurements of V,, (Frankenhaeuser, 1959). [Na], was calculated 
by the equation [Na], = [Na], exp (—EZy,F/RT). The values of h, for 
these fibres have been given in Table 1 in Frankenhaeuser (1959). The 
values for the squid fibre data at 6° C were obtained on the basis of those 
given by Hodgkin & Huxley (1952a, c); gx, = 30-35 m-mho/cm!, rest- 
ing potential= —56mV, Fy, = +45 to +50mV, h, = 06 and 
[Na], = 460 mm. Lines H and I give the upper and lower extreme values, 
J gives the values for 6° C used for the calculation of the ratio of the per- 
meability in the two fibres, and line K has been corrected to be appropriate 
for 20°C, by using a temperature dependence of gx, of 4% per degree 
centigrade as found by Moore (1958). 

The ratio of Py, in the Xenopus fibre to P,,:in the Loligo fibre (Table 3) 
was thus found to be 75-5, or 40-5 when the effect of temperature is cor- 
rected for, for fibres at resting potential before test, or 59-3 and 33-6 respec- 
tively, for anodally conditioned fibres with h = 1. On this basis, the toad 


~ 
_ 
q 
7 
2 
| 
| 
| 


Py, IN TOAD NERVE AND SQUID NERVE 161 


fibre is clearly more sodium-permeable than the squid fibre. There is at 
present no way of deciding whether the difference depends on differences 
in the number of sites or in the efficiency of single sites. It also does not 
account for the difference in the general shape of the Jy, — V curve. 

A second approach is to modify the constant-field assumptions in such 
a way that the field equation can be applied both to squid and myelinated 
axons. A convenient method, suggested by Professor A. L. Hodgkin, 
is to assume that the electric field in the membrane is modified by the 
presence of fixed charges on one side of the membrane. It is assumed that 
the effect of a positive charge, adsorbed on the outside, will be to give a 
potential step HL’ at the outer POIONTY and a uniform field of magnitude 
‘l(thickness of membrane). 

In the absence of such an adsorbed charge, the expression for /,, i 
Goldman, 1943; Hodgkin & Katz, 1949) is 


Una FE Breall Na Ba[Na], exp (— #F/RT) (2) 
a }— —exp (— —EF/RT) 


Iya = 


where J, is the outward sodium current and £ is the potential difference 
between the inside and outside of the fibre; R, 7’ and F have their usual 
significance; a is the membrane thickness; wy, is the mobility of sodium 
ions in the membrane; and Bx, is the partition coefficient between the 
membrane and the aqueous solution. 

Bearing in mind that the effect of the potential step H’ at the outside 
of the membrane is to change the membrane sodium concentration at the 
outside from A[Na], to f[Na], exp (—H’F/RT) and that the potential 
gradient in the membrane is (H — E’)/a instead of E/a, it follows that 


Defining Py, as Ux,8x,RT/aF and writing Ly, for RT/F In [Na],/[Na]; 
we obtain 

In, RT exp (H'F/RT) exp {(E—E')F/RT}-1 (4) 
E-K' F* [Na], exp {(H-Ey,) F/RT}-1 


Py, = 


By a similar argument it can be shown that fixed negative charges 
adsorbed on the inner edge of the membrane will give 


py, = exp{(E- (5) 
ll PHYSIO. CLI 
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_ Equations (4) and (5) share the common feature that they indicate no 
rectification in the special case that HL’ = Hy,, since equation (4) is then 
Ixy, RT exp (Ly, F/RT) 
E-Ex, F? [Na], 
Na E~Ey, 


(4.1) 


and equation (5) is r (5.1) 


Since sodium conductance is defined as 


g 
E-Ey,’ 


it is clear that Py, can be calculated from the squid fibre data of g,, 
by either equation (4.1) or (5.1). There is no indication whether (4.1) or 
(5.1) should be used for the calculation or whether an equation giving an 
intermediate value would be more appropriate. The last alternative would 
correspond to a situation where the hypothetical charges are localized 
' somewhere between the inside and outside edges of the membrane. 


TABLE 2. Py, of squid axon with the properties given in lines J and K in Table | 


. From eqn. (4.1) From eqn. (5.1) 
| Temp. (°C) (cm/sec) 
Reo 6, 12-7 x 10-5 1-8 x 10-5 
A= 6 21-2 x 10-5 2-9 x 10-5 
hy 20 23-2 x 10-5 3-2 x 10-5 
A=] 20 38-7 x 10-5 5-3 x 10-5 
Taste 3. P%,/P&, calculated in different ways 
From eqn. (1) From eqn. (4.1) From egn. (5.1) 
A hy 75°5 25-2 177-8 
B h=1 59-3 20-8 151-7 
C ho 40°5 13-8 100-0 
D h = 1 33-6 11-4 83:0 


In A and B squid fibre data for 6° C; in C and D for 20° C. Xenopus data for 20° C. 


A squid fibre membrane, with the characteristics listed in Table |, 
would thus have the sodium permeabilities in Table 2 as calculated from 
equation (4.1) and (5.1). The available sodium permeability in the Xenopus 
fibre at 20° C was earlier (Frankenhaeuser, 1959, Table 1) found to be 


PR, = 3-2x10- cm/sec and Pk=! = 4-4x 10-* cm/sec. 


Table 3 gives the ratios of sodium permeability in the Xenopus fibre to 
that in the squid fibre as calculated in the three different ways. The 
Xenopus fibre data were obtained at 20°C throughout, the squid fibre 
data at 6° C. Lines A and B have not been corrected for the difference in 
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temperature. In lines C and D gx, of the squid fibre was corrected for 
20° C (Moore, 1958) and is therefore more likely to be correct. All the 
comparisons reveal that the toad fibre was more sodium-permeable than 
the squid fibre. This also holds true for the somewhat higher values of 
9x, found by Moore (1959). 

DISCUSSION 


In the present study the sodium permeability of the toad andinited 
fibre has been compared with that of the squid giant nerve fibre by using © 
three equations based on different assumptions. Equation (1) was obtained 
on the basis that ion transport is due to diffusion only when membrane 
potential is zero. No specific assumptions are necessary for the mem- 
brane, the permeability may be restricted or increased by electric charges 
in addition to the partition coefficient (8 in Hodgkin & Katz, 1949). 
The assumptions for equation (1) are thus very general and the membrane 
is treated as a unit. The limitations to this treatment are that it is applic- 
able only to the special case that H = 0, and that it does not allow for the 
presence or absence of rectification. 

Equations (4) and (5) are based, in addition to the assumptions for the 
constant-field equation (Goldman, 1943; Hodgkin & Katz, 1949), on a 
very specific assumption: a fixed charge at one of the boundaries of the 


‘membrane, resulting in a potential step (H’) at this boundary. For (4) 


this charge is localized to the outside edge of the membrane and for (5) 
to the inside edge. The amount of rectification is determined by the value 
of H’ but not by the localization of H’. The value of EH’ can therefore be 
experimentally determined from the rectification; in the toad fibre. 


_ E’ = 0, whereas in the squid fibre in normal [Na], Z’ = Ey,. In calcula- 


tion of Py, from equations (4) and (5) it is clear that the effect of H’ on 
the ionic currents is separated from the permeable channel. This is not the 
case in calculations with equation (1). The advantage of (4) and (5) over 
(1) is that the amount of rectification is accounted for, and that the equa- 
tions are applicable to data obtained at any value of H. Further, the /,,—V 
relation in squid fibre in low [Na], is not linear, and the currents cannot, 
in low [Na]o, be described in terms of g,,. Hodgkin & Huxley (1952a) 
used a special equation derived on the basis of the independence principle 
(equation 12 in their paper), to compare sodium currents in fibres in 
low and normal [Na],. Equation 12 does account for the rectification in 
the squid fibre in low [Na],. Hodgkin & Huxley point out that the inde- 
pendence principle also applies to the constant field equation. If H’ is 
unaffected by sodium concentration, then equation 12 can be derived 

also from equation (4) and (5). These, therefore, account satisfactorily 
for the change in rectification when external sodium concentration is 


changed. 
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Both equation (4) and equation (5) thus account for the shape of the 
Iy,—V curve of the squid fibre at large cathodal pulses. The absolute 
value of Px, calculated from the J, —V relation depends, however, on 
whether equation (4) or (5) is used. The assumptions on which the equations 
are based differ only in the assumed sites of the fixed charge, producing 
the potential step (Z’): for (4) this is at the outside edge of the membrane, 
and for (5) at the inside edge. An intermediate localization of a step H’ gives 
the same rectification, but the calculated value of Py, would be inter- 
mediate between those calculated from (4) and (5). Equations (4) and (5) 
were chosen because these give the extreme values for any localization or 
any combination of H’ as long as all of them have the same polarity. 
If several potential steps with different polarities are assumed, then a 
comparison between the permeabilities is impossible even when the net 
potential step is known, as long as both localization and magnitude of the 
individual steps are unknown. 

In the formal treatment of equations (4) and (5) the field within the 
membrane was modified with a potential step, H’, in order to modify the 
‘constant-field’ equation to fit the squid fibre data. The effect of H’ is to 
change the sodium concentration either at the outside edge or at the inside 
edge of the permeable site, and in the special case with no rectification 
(i.e. the squid fibre in normal [Na],), H’ = H,y,, and sodium concentration 
is the same at the two edges of the permeable site. It is clear that some 
other treatment, which would have a corresponding effect on concentra- 
tions, would be equally consistent with the experimental data. 

There are some possibilities of envisaging the mechanisms of the poten- 
tial step, H’, which seem so simple and straightforward that they are worth 
mentioning, in spite of the fact that they are entirely speculative: 


(a) Fixed positive charges at the outside surface of the membrane would 
affect the ionic concentration at the outside edge of the permeable channel 
in @ manner equivalent to the effect of H’ in equation (4). 


(b) Fixed negative charges on the inside surface would correspondingly be — 
equivalent to EH’ in equation (5). 


(c) Fixed dipole charges in the permeable site, with the positive charge 
outwards, would be equivalent to Z’ in an equation giving an intermediate 
value for Py,. | 


In this connexion it may be pointed out that in the squid fibre potassium 
currents are described satisfactorily in terms of potassium conductance 
(9x). Hy, is positive while Hy is negative. EH’ in the potassium channe! 
ought therefore to have the opposite sign to. H’ in the sodium channel. 
This could be interpreted to indicate that the sodium- and potassium- 
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permeable sites in the squid fibre are separated from each other, and that if 


non-homogeneous, 


_ alternative (a) or (6) (above) is corrected then the surface charge would be 


while if (c) is correct then the dipoles would be turned 


in opposite directions in the two sites. Conclusions of this kind cannot yet 
be drawn from the voltage clamp data on Xenopus fibres, because here 
E’ = 0 for the sodium channel, and the potassium-carrying mechanism has _. 
not yet been fully analysed. | 


1. The sodium 


"SUMMARY | 
transport mechanism in axons from Loligo has pre- 


viously been described in terms of sodium conductance (g,,), but in 
axons from Xenopus in terms of sodium permeability (Py,) as defined 
by the constant field equation. The sodium permeability of the two nerves 
was compared on the basis of certain assumptions. 

2. The permeabilities were compared at zero membrane potential 
(eqn. 1) where sodium transport is due to diffusion only: (a) Px, of the 
toad fibre was found to be about 30-40 times larger at 20°C than Py, 


of the squid fibre. 


(6) The comparison does not account for the difference 


in rectification of the two fibres. : 

3. The constant field equation was modified to fit the squid fibre data 
by assuming the presence of adsorbed fixed positive charges on the out- 
side boundary of the membrane (eqns. 4 and 4.1), or of negative charges 
on the inside boundary of the membrane (eqns. 5 and 5.1). As a result: 


(a) Py, of the toad 


fibre was found to be about 11-14 times larger at 20° C 


than Py, of the squid fibre according to equation (4.1), and correspond- 


ingly 80-100 times 


larger according to equation (5.1). (b) The effect of the 


fixed charges is separated from the permeable channel with this treatment. 


(c) Both equation ( 


4) and equation (5) account for the absence of rectifica- 


tion in the squid fibre. 
4. All comparisons reveal that the toad fibre has a larger peak Py, 
than the squid fibre. 
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In a previous paper (Lundin, 1953) it has been shown that the nitrogen 
eliminated from the tissues during oxygen breathing seems to be released 
in an exponential way in three stages. First, there is a rapid phase with an 
elimination half-time of about 1-5 min, then a slower phase with a half- 
time of 12-13 min and lastly a slow phase with a half-time of about 
110-200 min. On theoretical grounds it is probable that the first phase 
corresponds to the nitrogen from the highly vascular tissues, such as liver, 

‘brain, heart, intestines, etc., the middle phase to nitrogen mainly from the 
muscles, and the slowest to nitrogen mainly from fat. Probably the tree 
intestinal nitrogen escapes with the third fraction. 

The values obtained above for the rapid and slow phases were very on: 
the same as those obtained by Lawrence, Jones, Berg, Henry & Ivy (1948). 
However, the muscular phase had a higher elimination rate. than that 
found in their experiments. Jones (1951) claims that the values of Lawrence 
et al. accord with the theory that the muscles give rise to the N, bubbles 
appearing during decompression, which are the cause of the group of 
symptoms called decompression sickness. In the work of Lundin (1953) 
the tissue N, elimination was determined from the accumulation of N, 
during O, breathing in a closed spirometer system. Because of technical 
difficulties involved in the collection and measurement of the small 
amount of N, given off from the tissues during O, breathing in a closed 
spirometer system, the importance of a further examination of this 
problem with another technique became evident. In the present study we 
have followed the elimination of N, during O, breathing by continuously 
measuring the changes in N, concentration of end-tidal air. 


METHODS 

The N, concentration in end-tidal air during O, breathing was measured with a Lundin— 
Al:esson nitrogen-meter. An improved model of the instrument was used which was some 
five times as sensitive as the er version (Lundin & Akesson, 1954). There was no loss 
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of stability and measurement of changes in N, percentages as low as 0-002% became 
possible. The experiments were carried out with the subject in a low-pressure chamber in 
order to achieve a further increase in the output of the instrument. With an unchanged 
ventilatory minute volume the relative percentage of N, in the expired gas is increased at 
low barometric pressure. 

In preliminary experiments the pressure was lowered in two stages, with a period of 90 min 
at 380 mm Hg followed by 150 min at 190 mm Hg. In this way the N, sensitivity would be 
increased during the later period of slow N, elimination at 190 mm Hg, after the rapidly 
eliminated N, had been washed out at 380mm Hg. Although five experiments on three 
subjects were carried out in this manner, calculation of the results proved difficult because 
of the necessity for correction for the slight N, contamination, 0-3 %, of the O, inhaled, and 
its increased concentration because of the O, used by the body. However, it became evident 
that the output and stability of the N, meter was sufficient to permit the use of a barometric 
pressure of about 285 mm Hg (or a simulated altitude of 7500 m) which gave a relative 
increase in the concentration of expired N, of 


Barometric pressure . 
285 


In order to achieve a further increase in the sensitivity of the N, meter the CO, and water 
vapour were absorbed from the expired gas before it reached the N, meter. In this way the 
following increase in sensitivity was obtained, 


Barometric pressure — pCO, — pH,0 | 
285 — pCO, — pH,O 


so that a given number of N, molecules occupied about 3-5 times the volume at ground level. 
The ventilatory minute volume being the same, this therefore means a 3-5 times as big a N, 
percentage in the CO,-, H,O-free end-tidal air. With the more sensitive meter the total 
increase in sensitivity was about 17-5 times that previously available and it became possible 
to read changes in the analysed N, percentages with an accuracy of about + 0-:0006 %. The 
altitude of 7500 m was chosen because there is very little likelihood of the occurrence of 
er sickness in a resting subject at that altitude. 


Procedure 


The subject reclined in a comfortable chair and breathed room air for a resting period of 
20-30 min, duting which the experimental arrangements were tested, the subject being 
connected to an ordinary air-craft pilot’s respiratory demand valve through which he 
breathed pure O,. The pressure within the chamber was then lowered with the subject 
breathing normally. No attempt was made to wash out the lung N, by over-ventilation. 
After 5-6 min the observer outside read the N, percentages in the CO,-, H,O-free end-tidal 
air, which was sampled with a modified Otis-Rahn pump (Rahn & Otis, 1947). With this_ 
system the air was taken through a container filled with granulated soda-lime to the 
pumping bladder. A needle valve was placed between the soda-lime container and the 
pump through which the air to be analysed was sucked to the N, meter. This needle valve 
could be closely controlled from outside the chamber with the help of a servo mechanism. 
When the chamber pressure had fallen to 285 mm the needle valve was adjusted until the. 
pressure in the ionization chamber of the N, meter became 2 mm. 

Before the sampled gas entered the ionization chamber it traversed a cooling drier 
. consisting of a Dewar bottle filled with 96% ethanol and solid CO,. When the gas passed 
through a glass tube immersed in this solution its H,O pressure fell to practically zero. 

The N, content of the end-tidal air was followed for 240 min. During the first 20 min a 
reading was taken every 60 sec, and after that time every fifth minute. In a few experi- 
ments, with subjects where the fall in nitrogen content of end-tidal air was very uniform, 
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readings were taken every 10 min after an initial period of 100 min. After 4 hr the experi- 
ment was terminated and the subject restored to normal barometric pressure. | 

In order to avoid leakage of N, into the breathing system the subject sat with head and 
shoulders in @ tent of plastic film through which 0, was streaming. The exhaled air, after 
passing through an ice-filled copper cooler, went out into the top of this tent. The demand 
valve and its connexion, which were inside the tent, were surrounded by a small poly- 
ethylene bag through which O, was streaming from a container outside the low-pressure 
chamber. After having passed through the bag the O, flowed out into the first-mentioned 
tent. In this way the head of the subject, after a few minutes, was surrounded by an almost 
pure O, atmosphere. This minimized the danger of leakage which, in our experience with the 
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Fig. 1. Semi-schematical drawing of the experimental arrangements. 


system, was most likely to occur in the demand valve system, or somewhere along the 
contact of the soft rubber face mask with the face of the subject. The softness and the 
seating properties of this mask were arranged to depend upon the gas pressure in a tube 
which formed its rim, and the subject could control this pressure by means of a rubber 
balloon. This pump bladder was connected to the mask through a tube which passed through 
an opening in the wooden disk which made up the roof of the tent. The subject was accus- 
tomed to the control of the rim pressure by several blank experiments in the low-pressure 
chamber. However, even with such precautions some leakage might occur, particularly after 
some hours, but this was detected on the recording meter and the subject advised to adjust 
the face mask. A small leakage did not disturb the shape of the elimination curve. After 
1-2 min the deviation from the curve disappeared and representative readings could be 
obtained as before. 

Figure 1 is a semi-schematic drawing of the experimental arrangements. The inspired 
O, was analysed for N, content with the help of the N, meter, and the readings obtained were 
corrected for the influence of increase in concentration at 7500 m brought about by the O, 
consumption. This correction was made in the following way: 


Pressure at 7500 m 
1 

Tig meter readings Pressure at 7500 m—38/0-8’ (1) 
where 38 is the average end-tidal CO, pressure previously measured in our subjects, and 
0-8 is the assumed z.Q. The value obtained was subtracted from the registered values with- 
cut transformation into percentages since there was no reason for performing such a 
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transformation when the alveolar ventilation was not measured. The scale on the N, meter was 
linear in the range of measurements and the values obtained were thus proportional to the 
percentage values. The corrected values were plotted against time, with time in minutes as 
the linear abscissa and the N, meter readings as the logarithmic ordinate. If the ventilation 
for each subject was the same throughout aa experiment, then this curve should give a 
picture of the N, elimination rate during O, breathing for each individual. 

The curves obtained were treated in the same way as the N, elimination curves in previous 
work (Lundin, 1953). This means that the last part of the curve, representing the slowest 
eliminated N, fraction and forming a straight line, is projected to the left, and this straight 
line is used to separate out other N, fractions representing tissues with more rapid elimi- 
nation rates. 


100 


$s 


= 


End-tidal nitrogen (arbitrary units) 
w 


L 
0 50 100 150 200 250 
Time (min) 


Fig. 2. Nitrogen elimination curve. Semi-log. scale. 


The nitrogen value R, at any point. of the nitrogen elimination curve can be expressed : 
R, = Roe! + (2) 
where Ry and Ro are the values for N, at time zero for the component curves, ¢ is time in 


minutes, k,, k, are time constants, or fraction of N, eliminated per minute. The relative 
amount of N, under each curve component is given by 


_ 
(3) 


RESULTS 


Thirty experiments were made on six subjects, the number of experi- 
ments on each subject varying between 2 and 11. The treatment of the 
semi-logarithmic curves described above permits the isolation of two com- 
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ponents. The rapid component reported in our earlier work (representing 


highly vascular tissues) could not be obtained because the N, elimination 


was not measured during the first 6-8 min. The average values for each 
subject are summarized in Table 1. 

From the table it can be seen that the more rapid phase has mean k 
values between 0-046 and 0-061 and the slow phase & values between 
0-0047 and 0-0079, indicating that the first phase represents tissues which 
eliminate between 4-6 and 6-1 °% of their N, content per minute, and the 


TABLE 1 
N, Desatu 
; elimi ration 
No. of nated half- 
Weight Height experi- (arbit, time 
Subject Age (kg) (em) ments Ry i ky units) (min) 
Fraction M 
LA oe 79 182 5 27-5 0-055 500 13-0 
B.E. 28 59 165 5 28-0 - 0-061 460 12-0 
G.L. 45 80 183 ll 30-0 0-051 588 13-5 
LL. 16 60 163 4 11-7 0-050 234 13-5 
S.A. 16 53 163 3 24-0 0-046 520 15-0 
L.D. 22 60 176 2 25-0 0-051 — 490 13-5 
Fraction F kp 
L.A 33 79 182 5 12-1 0-0059 2050 120 
B.E 28 59 165 5 12-8 0-0048 2670 145 
G.L 45 80 183 ll 13-5 0:0047 2870 150 
LL 16 60 163 4 8-0 0-0051 1570: 135 
S.A. 16 53 163 3 71 0:0079 900 90 
~ LD 22 60 176 2 7:6 0-0059 1290 120 


Fraction M: the phase of more rapid elimination of N, during O, breathing, presumably 
from muscle. Fraction F: the phase of slowest elimination, presumably from fat. N, 


eliminated given by —— and zi. respectively. k: N, elimination time constant of 
M P 


equation (2). R,: nitrogen elimination rate’ at time zero of equation (2), in arbitrary units. 


second phase tissues with a N, elimination rate of between 0-47 and 0-79 %/ 


‘min, The elimination half-times vary between 12 and 15 min for the 


faster and between 90 and 150 min for the slower phase. 

There is no relationship between, age and elimination rate for the slow 
phase: but the subjects with the relatively largest N, volumes from this 
phase, namely G. L., B. E. and I. L., have the slowest elimination rates 
and the subjects with the smallest relative amount of N, the most rapid 
elimination rate. The rate of N, elimination from the ‘muscle’ phase is not 
obviously related to age. The youngest: subject had a somewhat slower 
elimination rate than the other subjects but was the only one who 
occasionally slept during the experiment and it is probable that his meta- 
bolism was more basal than that of the others. Compared with our previous 
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results these experiments give the same values for the N, elimination rates 
from the two slowest. components of the elimination curve. There is a 
10:1 relationship between relative elimination rates for the two fractions 
labelled ‘muscle’ and ‘fat’ nitrogen. 


DISCUSSION | | 

Earlier unpublished investigations with the closed-circuit technique by 
W. M. Boothby & G. Lundin have shown that the elimination rate of N, 
during O, breathing is the same at ground level in Lund, and at a simu- 
lated height of 7500 m in a low-pressure chamber. These findings indicate 
that the cardiac output and vascularity of the’ body tissues remain un- 
changed. From earlier work (Lundin, 1953) we have seen that the venti- 
latory minute volume and O, consumption remained fairly constant during — 
4hr of O, breathing. In the present series of open-circuit measurements 
the subject was quite as comfortable as before and therefore we have 
assumed that the ventilation and O, consumption have been constant 
during the whole experiment. The N, percentage in the end-tidal air should 
then reflect the amount of N, and the blood flow through the body tissues. 
_ In our earlier series of experiments (Lundin, 1953) the amount of N, from 
the two phases showed a good relationship to probable amount of muscles 
and fat of the subjects. In this series of experiments a direct calculation 
of probable amount of fat and muscles was not possible because the values 
were given in relative figures. However, an indirect calculation of fat and 
muscle of the subjects can be made if we assume that the two curves 
represent nearly all N, from the muscle and fat tissues. The area under each 
component of the curve should be proportional to the amount of N, given 
off. | 

From anatomical observations we know that about 50° of the weight 
of the lean body mass (= total body minus fat) consists of muscle tissue 
(Vierordt, 1906). From the investigations of Campbell & Hill (1933), 
among others, we know that the solubility of N, per unit weight in fat 
tissue is about six times that in tissues such as muscle and blood, with high 
content of water and negligible fat. We can then construct the following 
equations for the determination of the absolute amount of fat and muscle 


(W—y)x 0-50 = X. | (4) 


Where W is total weight, X weight of muscles and y weight of fat, in kg, 
and W —y thus equals the lean’ body mass. X is thus the muscle weight. 


when Nx is the surface area of the curve representing the rapid ‘muscle’ 
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fraction of the N, elimination and N , is the surface area of the ‘fat’ curve 
determined from equation (3). 

The amounts of muscle M and fat tissue F in the subjects, calculated 
from the expression (4) and (5) are given in Table 2. 

The values accord fairly well with what could be expected from the 
habitus of the subjects, and from other observations (Vierordt, 1906; 
Keys & Brozek, 1953). On subjects L. A., B. E. and G. L. specific weight 


TABLE 2 

Muscle Fat 

(kg)* (kg)* 

L.A. 29-5 20:1 
B.E. 20-0 19-2 
G.L. 28-5 23-1 
L.L. 19-3 
S.A. 23-2 6-7 
L.D. 24-6 10-8 


* Weights are calculated from equations (4) and (5). 


determinations were made by Dr W. von Débeln by weighing the subject 
in air and in water. Pie weight of fat, F, in these subjects v was calculated 


where V is the volume of the subject corrected a the lung volume and W 
is the weight of the subject. The weight of fat was for L. A. = 20-8, 
B. E. = 18-7 and G. L. = 22-8 kg. These values, together with the fact 
that the k values in this series of experiments are very much the same 
as in our former experiments, strongly indicate the reliability of the 
measurements and probability of the assumptions that the two components 
represent mainly nitrogen from muscle and fat tissue. 

It has been shown by Jones (1951) and by Roughton (1952) among 
others that the circulation rate through the tissues is proportional to the 
measured N, elimination rate (expressed in terms of the factor £) and also 
proportional to the solubility of N, in tissue when compared with the 
solubility in blood. Thus from the present experiments the blood flow 


_ through muscle tissue should be between 46 and 61 ml./min/|. muscle tissue, 
and for fat between 24 and 40 ml./min/I. fat tissue. 


Do these N, elimination values provide any information concerning the 
origin of the N, bubbles which have long been known to give rise to de- 
compression sickness? A final answer to this question probably cannot be 
obtained from experiments of this nature; but the rapid elimination rate 
of N, from the muscles does not fit in with Jones’s theory of the muscles as 
the place of formation of the N, bubbles. Also, the similarity in elimi- 
nation rate of the muscle phase for younger and older subjects does not 
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agree with the observations that older subjects are more prone to develop 
‘bends’ and other symptoms at altitude, and that a much longer period of 
pre-oxygenation is —— in older subjects than in younger to avoid the 
bends. 

One observation made i in this series of experiments accords well with the 
assumption that fat tissue, or tissue with the same N, elimination rate as 
fat, is the place where, at least in resting subjects, the bubbles causing 
bends originate. Two preliminary experiments, performed in two stages, 
on subject G. L. (with 60 min at 5500 m) had to be stopped because of the 
symptoms of bends at a pressure of 190 mm. Subject G. L. (who has an 
experience of several hundred low-pressure chamber runs to different 
altitudes) is prone to develop bends at 30,000 ft. (9140 m) when the 
reduction of pressure is rapid. If it is assumed that the bubbles causing the 
bends are formed on the venous side of the circulation (Behnke, 1951), then 
the gas pressure in the venous blood at ground level is about 707 mm Hg 
(573 mm N,, 47 mm CO,, 47 mm H,O and 40 mm O,). At 30,000 ft. the 
barometric pressure is 226 mm, a 3-1:1 ratio between the gas pressure at 
- ground level and at this altitude. In the present experiments, with the 
values obtained for N, elimination rate from the ‘fat’ of subject G. L. it is 
found that 60 min pre-oxygenation gives a 24 °% decrease of N, content in 
the ‘fat’ tissue. The subject should then have a reduction of N, pressure in 
the venous blood from this tissue of 573 x 0-24 = 137 mm. The pressure 
relationship between gases in the venous blood and barometric pressure 
190 mm should then be 707-137 


190 | 


which is very much the same as the relationship between ground level and 
_ 30,000 ft. with zero pre-oxygenation time. Bends would thus be expected. 
There is also an old observation that bends in resting subjects are rare at — 
heights below 30,000 ft. | | 

A prolongation of pre-oxygenation to 90 min would give a reduction of 
‘fat’ N, of 34%, or a gas tension in venous blood of 


707 — (573 x 0-34) = 512 mm, 


a ratio to final pressure 190 mm, of 2-7:1. This would be equivalent to a 
rapid reduction of pressure up to 26,000 ft. (7925 m) without pre-oxy- 
genation. No symptoms of decompression sickness were observed in any 
of the five experiments made under this schedule, nor in any of the other 
twenty-five experiments where this pressure ratio at the beginning of the 
stay at altitude was about 707:285 = 2-5. 

From these theoretical considerations it seems reasonable to assume ° 
close relationship in desaturation time between the tissues producing the 
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N, bubbles of bends and the fat tissue. The well known fact that fat subjects 
are more apt to develop decompression sickness strongly suggests that the 
bends tissue is fat or a tissue which changes its rate of elimination of N, 
in proportion to the amount of body fat. 


SUMMARY 


1, Nitrogen content of end-tidal air during oxygen breathing has been 
followed by means of a sensitive nitrogen meter. 

2. The nitrogen desaturation rate of the body could be measured. 

3. The desaturation curve could be separated into exponential fractions. 

4. These fractions can be used to calculate the amount of fat and 
muscle tissue in the subjects. 


5. The blood flow through these tissues can be calculated. 
6. A relationship between nitrogen desaturation rate of fat tissue and 
decompression sickness seems to be probable. 
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THE INFLUENCE OF HISTAMINE INHALATION ON 
THE PULMONARY DIFFUSING CAPACITY IN MAN 


By A. BOUHUYS*, J. GEORG, R. JONSSON, G. LUNDIN 
AND §.-E. LINDELLt 


From the Medical Department B, Rigshospitalet, Copenhagen, Denmark, 
and the Institute of Physiology, University of Lund, Sweden 


(Received 12 February 1960) 


Inhalation of a histamine aerosol in sufficient concentrations produces 
an increased degree of unequal distribution of inspired gas in the lungs. 
A relationship has been found between this change in the pulmonary 
ventilation and the relative amounts of histamine inhaled (Bouhuys, 
Jonsson, Lichtneckert, Lindell, Lundgren, Lundin & Ringquist, 1960). 
The results of this study also indicated that a variable amount of air 
might be trapped behind occluded bronchi in some experiments after 
histamine inhalation. Measurements with a body plethysmograph at the 
Pneumoconiosis Research Unit, Cardiff, showed an increase of the thoracic 
gas volume, measured at the end of a normal expiration, after histamine 
inhalation (A. Bouhuys, J. C. Gilson and M. McDermott, unpublished 
experiments), which also suggests the occurrence of air trapping. There 
is thus evidence to show that histamine inhalation may result in a 
decrease of the volume, and presumably of the surface area, of the gas- 
exchanging parts of the lungs. Recently, however, it has been reported 
(Lewis, Hayford-Welsing & McGinty, 1959) that no significant changes in 
the diffusing capacity of the lungs for carbon monoxide occur after induc- 
tion of bronchoconstriction by histamine inhalation. This work was done 
both with a breath-holding CO method and with a rebreathing method. 
In the experiments to be described, the effect of histamine inhalation has 
been studied by a steady-state carbon monoxide method for determining 
the diffusing capacity of the lungs. The respiratory dead space has also 
been calculated from the figures obtained. 


* Present address: Laboratory of Clinical Physiology, University Hospital, Leiden, The 
Netherlands. 


+ Present address: Laboratory of Clinical Physiology, Sahlgrenska Sjukhuset, Gothen- 
burg, Sweden. 
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METHODS 


Subjects. These were four male laboratory workers in good health. One of them (B) gave a 
history of bronchial asthma, but was symptom-free at the time of study. He was much 
more sensitive to inhaled histamine than the other subjects. The subjects were seated in a 
comfortable chair and inhaled the aerosol of a histamine solution (or, in the control experi- 
ments, of water) for 2 min. Immediately afterwards, they were connected to the bag con- 
taining the CO mixture, and a measurement of Diog was obtained. 

Inhalation of histamine aerosol. The acrosol was delivered at a controlled constant flow 
rate by a nebulizer connected to a compressed-air cylinder. The duration of inhalation 
(2 min) and the flow rate of the aerosol were the same in all experiments. The concentrations 
of histamine in the nebulized fiuid were chosen according to the subject’s sensitivity, 
which was known from a previous study (Bouhuys et al. 1960). The aim was to give a dose of 
histamine sufficient to produce some effect on the bronchi but too low to produce marked 
discomfort. 

Measurement of CO diffusing capacity (Dic). The method described by Bates, Boucot 
& Dormer (1955) was used, with the following modifications. The minute volume of breath- 
ing was determined by connecting a wet gas meter to the box of a bag-in-box system, the CO 
mixture (0-14% CO in air) being inspired from the bag. Expired gas was not collected 
during the experiment. For sampling of end-tidal expired gas, a relay system similar 
to that described by Bates (1958) was used. Breathing valves with minimal dead space were 
used. To minimize as much as possible the effects of back pressure of CO in pulmonary 
capillary blood, all subjects breathed pure oxygen for about 10 min in the interval, of at 
least 1 hr duration, between experiments of the same series. 

Respiratory dead space. The personal dead space was calculated “ss means of Bohr’s 
formula from the inspired, mixed expired, and end-tidal expired CO concentrations. 


RESULTS 


The minute volume of breathing did not change consistently after hista- 
mine inhalation (Table 1). With some exceptions, the CO uptake was 
lower, and the end-tidal CO partial pressure higher, after histamine 
inhalation. The diffusing capacity for CO was in all subjects lower after 
histamine than in the control experiments (Table 1). 

In Table 2 these results are compared with the effect of inhaled hista- 
mine on the functional residual capacity (RC) and the lung clearance 
index (LCI) of three subjects (N, wash-out method; Bouhuys et al. 1960). 
In these subjects the FRC decreased after histamine inhalation. The effect 
of histamine inhalation on the N, wash-out from the lungs was determined 
during the weeks preceding the present experiments. The last column of 
Table 2 gives figures for Di,, which have been corrected to the average 


control value of the FRC in each subject, assuming proportionality be- 


tween Dy,,, and FRC (see Discussion). It has also been assumed that the 
histamine effect. on the FRC was the same during the CO experiments as 
during the N, wash-out experiments. The decrease of Di, after hista- 
mine inhalation is much less evident in these corrected figures. There were 
no consistent changes in the volume of the personal dead space in any 
subject (Table 3). 
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TaBLE 1. Effect of histamine inhalation on Dio 


Hist 
concentra- 


Time tion 
Subject (min) (mg/ml.) 


B 0 0 
100 0 
195 0-05 
B 0 0-05 
180 
0 10 
80 0 
170 20 
Cc 0 0 
60 20 
0 0 
120 10 
210 0 
G 0 20 
180 0 
H 0 
0 2°5 
100 5 


Minute End-tidal 
vol, CO uptake CO pressure 
(1./min) (mal./min) (mm Hg) 
7:54 5-81 0-360 
7-66 6-43 0-424 
5-42 4°44 0-480 
7-00 .. 5-67 0-422 
6-95 0-408 
6-36 5-22 0-367 
5-58 5-19 0-297 
7°26 5-52 0-473 
5-28 4-91 0-309 
6-28 4-52 0-471 
7°92 6-81 0-289 
7-00 5-60 0-402 
6-96 6-54 0-332 
6-70 5-83 0-408 
6-80 6-73 0-359 
7-12 6-27 0-213 
8-12 8-44 0-282 
8-72 8-02 0-374 


Dico 
(ml./mm/ 
min) 
15-2 
9-3 
13-4 
17-0 
14-2 
17-5 
11-7 
15-9 
9-6 
23-6 
13-9 
19-7 
14-3 
18-7 
29-4 
29-9 
21-4 


Column 2: time from the beginning of control experiment. Column 3: histamine con- 
centration in the nebulized fluid. Column 4: minute volume of breathing, corrected to 
body temperature, ambient pressure and saturated. Column 5: CO uptake corrected to 
0° C, 760 mm Hg, dry. Column 6: partial pressure of CO in end-tidal expired air. 


TaBLE 2. Comparison between effect of histamine inhalation on gas distribution 


and on diffusing capacity 
Histamine 
concentration FRC 
Subject (mg/ml.) (ml.) LCI 
B 0 1-860 10-2 
0-05 1-560 19-4 
C 0 2-380 8-2 
10 2-210 
20 2-070 18-5 
G 0 3-080 8-0 
20 1-970 12-8 


corrected 
(ml./mm/min) (ml./mm/min) 


16-1 
11-4 
16-7 
14-2 
10-7 
20-7 
14:3 


16-1 
13-6 
16-7 
15-3 
12-3 
20-7 
22-4 


Column 3: average values of the subject’s FRC are given for the control experiments, and 


in others if more than one histamine inhalation had been done at the same dose level of | 


histamine. Column 4: lung clearance index (index of nitrogen wash-out rate; see text). 
Column 6: values of Dig, corrected for changes in FRC; see Discussion. Column 5: average 


values of Dy, from Table 1. 


DISCUSSION 


The diffusing capacity of the lungs (D,) is a composite measurement. 
which reflects partly the size of the effective alveolar surface area (i-c. 
ventilated alveoli in contact with functioning capillaries), partly the 
properties of the ‘pulmonary membrane’ (i.e. the path from the alveola: 


surface to the intracorpuscular haemoglobin). 
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op baie 3. Effect of histamine on respiratory dead space — 


Hista- 
mine 
concen- Tidal Dead 
tration % CO % CO % CO volume _ space 
Subject (mg/ml. ) inspired alveolar expired (ml.) (ml.) Vy 

C 0 0-170 0-042 0-077 507 139 0-27 
0 0-171 0-044 0-084 406 128 0-31 
10 0-158 0-052 0-083 424 123 0-29 
20 0-166 0-067 0-099 331 106 0-32 
20 0-168 0-067 0-100 519 171 0-33 
B 0 0-142 0-051 0-072 503 116 0-23 
0 0-161 0-060 0-082 589 130 0-22 
0 0-171 0-058 0-086 483 121 0-25 
0:05 0-169 0-068 0-094 361 94 0-26 
0-05 0-169 0-060 0-093 467 140 0-30 
G 0 0-168 0-047 0-082 535 155 0-29 
0 0-151 0-041 0-072 566 158 0-28 
0 0-173 0-051 0-080 523 126 0-24 
10 0-159 0-057 0-084 500 130 0-26 
20 0-169 0-058 0-088 479 129 0-27 
H 0 0-135 0-030 0-054 — , — 0-23 
2-5 0-159 0-040 0-062 677 122 0-18 
5 0-166 0-053 0-080 581 134 0-23 


Columns 3—5: CO percentages corrected to 0°, 760 mm, dry. Columns 6 and 7: volumes 
corrected to body ee eens ambient pressure, saturated (B7'PS). Column 8: dead- 
space: tidal-volume ratio. 


The currently used methods of measuring D,, do not give identical 
results. The breath-holding method (Krogh, 1915; Forster, Fowler, Bates 
& van Lingen, 1954) tends to give higher values than the steady-state 
methods (Bates et al. 1955; Marks, Cugell, Cadigan & Gaensler, 1957). The 
breath-holding method is carried out with the lungs in an inspiratory 
position, whilst the steady-state method involves quiet breathing at the 
resting respiratory level. The difference in the lung volume during the 
experiment may at least partly explain the higher values found with 
breath-holding methods (Krogh, 1915; Marks et al. 1957; Marshall, 1958). 

The decrease.of steady-state Di,,, after histamine inhalation, found in 
the present study, may be explained by unequal distribution of inspired 
gas in the lungs, by a decrease of the F RC, or by changes in the pulmonary 
membrane which impede gas diffusion (e.g. interstitial oedema); or by a 
combination of some, or all, of these factors. 

Changes in gas diffusion through the pulmonary membrane would be 
expected to affect D,, regardless of the method used for its measurement. 
As Lewis et al. (1959) found no change of breath-holding D1,,, this 
explanation of our findings seems unlikely. 

The decrease of the FRC found in our subjects after histamine inhala- 
tion is very probably an expression of trapping of air behind occluded 


b-onehi in some parts of the lungs. The discrepancy between the finding 
12-2 
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of an unchanged breath-holding Dx, (Lewis et al. 1959) and that of a 
decreased steady-state Dx, (the present study) is most readily explained 
by the difference in the methods employed. In the inspiratory position 
(breath-holding method) the smaller bronchi are presumably opened, 
whereas air trapping may occur at the resting respiratory level (steady- 
state method). It may be assumed that Lewis et al. (1959) obtained 
degrees of bronchoconstriction which were at least as severe as the ones 
we induced. These authors reported a significant decrease of the vital 
capacity and of the forced-expiratory volume after inhalation, and one of 
us (A.B.) found that changes in these lung volumes are a less sensitive 
measure of the effect of inhaled histamine than the changes in LCI and 
FRC found with the N, wash-out method (unpublished experiments.) 

To distinguish between effects of a decrease in FRC and of unequal 
distribution of inspired gas on D,, we tried to correct our D,, values for 
changes in FRC (Table 2). This correction was based on the assumption of 
proportionality between effective lung volume and diffusing capacity. 
The measurements of FRC and of D,, after histamine were not performed 
at the same time, and apart from this it is evident that such a correction | 
has only value as a rough approximation. The corrected values of D,, 
only show a decrease after histamine doses which produced a marked 
degree of unequal distribution of inspired gas (subjects B and C; compare 
the values of the LCI in Table 2). Under these circumstances, the end- 
tidal CO concentration may no longer represent the mean alveolar CO 
concentration, which is likely to lead to an underestimation of D,,. 

The personal dead space (Table 3) did not show significant changes 
after histamine inhalation. As the volume of the dead space is mainly 
influenced by that of the large airways this probably indicates that hista- 
mine acts mainly or only on the small bronchi. The same finding has been 
reported in cats by Folkow & Pappenheimer (1955). 


SUMMARY 


1. The diffusing capacity of the lungs (D,,,.) was measured in four 
subjects with a steady-state CO method, before and after histamine 
inhalation. 

2. Dt ¢ decreased after histamine inhalation in all subjects. 

3. In some experiments this decrease was probably caused mainly by 
trapping of air in some parts of the lungs, in others an increased degree of 
unequal distribution of inspired gas in the lungs appeared to have an 

additional effect. 

4. The respiratory dead space (Bohr’s formula) did not change after 
histamine inhalation. 
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THE EFFECT OF SEMISTARVATION ON ABSORPTION BY 
THE RAT SMALL INTESTINE IN VITRO AND IN VIVO 
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During a period of semistarvation there is a fall in the mass of body cells 
and a lowering of the basal metabolic rate (Wishart, 1934; Taylor & 
Keys, 1950; Grande, Anderson & Keys, 1958), the degree to which each 
change occurs depending upon the duration of the experiment and the 
severity of the dietary restriction. The loss of cellular mass and the fall in 


the metabolic rate depend upon the number of calories available, and 
‘provided that the caloric restriction is not too severe an equilibrium 


situation can be obtained. It was of interest therefore to investigate the 
absorptive ability of the small intestine during semistarvation, as it 
seemed a vulnerable organ in view of its great demands on the metabolic 
pool for the frequent replacement of its epithelial lining (Leblond & Stevens, 
1948; McMinn, 1954). 

We have found that after a period of semistarvation sufficient to cause 
a loss of about 20% of the initial body weight, there is an enhanced rate 
of disappearance of both glucose and t-histidine from the small intestine 
of the rat in vivo, and that in vitro the small intestine from semistarved 
animals can transport both these substances against a concentration 
gradient to a greater extent than can the small intestine of rats fed on an 
‘ad libitum’ diet. A ne report has been given by Neame & 
Wiseman (1959). 

METHODS 

Animals and diet. Male albino rats of an inbred strain were used, and were kept individually — 
in separating cages with free access to water. The food used throughout was Diet 86, purchased 
from The North-Eastern Agricultural Cooperative Society, Ltd., Bannermill Place, Aber- 
deen, its composition being: soluble carbohydrate 53-4%; protein, 20-0%; fat, 3-8°%; 
fibre, 33%; ash, 5-2%; moisture, 14-3 %. 

All animals were inspected every day and the dietary regimen was as follows: 
Group A was fed ad libitum. 
Group B was fed 5 g food per rat per day for 5 days. 
Group C was fed 5 g food per rat per day for 9 days. 
Group D was fed 5 g food per rat per day for 9 days, and thei fed ad libitum for 24 hr. 


Group E was fed 5 g food per rat per day for 9 days, and then fed ad libitwm for 3 days. 
Group F was fed 5 g food per rat per day for 9 days, and then fed ad libitum for 7 days: 


* Present address: Department of Medicine, University of Otago, Dunedin, New Zealan:’. 
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In vitro experiments 

Animals from all groups were used. 

Preparation of sacs. The animal was killed by a blow on the head, the abdomen and thorax 
immediately opened, and the heart incised. The small intestine was then removed and 
everted, and sacs prepared as described by Wilson & Wiseman (1954).. Six sacs (3—4 cm in 
length) were obtained from each small intestine, and their initial and final volumes were 
measured as described by Wiseman (1957). Occasionally the serosal volume of a sac de- 
creased: such sacs were discarded. 

Experimental procedure. The sac, filled with a known volume of amino-acid-glucose 
solution (0-5-1-0 ml.), was placed in a 150 mi. Erlenmeyer flask containing 20 ml. of the 
same solution as that used for filling the sac. The air in the flask was then replaced with a 
gas mixture of 5% CO,, 95% O, and the flask tightly stoppered. The flask and its contents 
were kept at 37° C and continuously shaken for | hr by the use of a Warburg bath (80 oscil- 
lations/min, amplitude 5 em). The sac was then removed from the flask, its surface drained, 


_and its fluid contents recovered and weighed. Samples of initial and final serosal and muco- 


sal fluids were analysed for amino-acid and glucose concentrations. A short length of thread 
ligature left at one end of the sac greatly facilitates the removal of the sac from the 
flask. 

Concentration ratios. The concentration ratio referred to in the results is the ratio of the 
concentration of L-histidine or glucose in the serosal fluid (inside the sac of everted intestine) 
to the concentration in the mucosal fluid (outside the sac). 

Amounts of glucose and u-histidine transported. These are expressed as the amounts tran- 
ported into the serosal fluid per 100 mg dry weight of sac during the experimental period. 


In vivo experiments 

Animals from groups A (controls), B and C were used for the study of glucose absorption, 
and from groups A and C for t-histidine absorption. The animals were anaesthetized with 
pentobarbitone sodium B.P. 5 mg/100 g body wt., given intraperitoneally. As soon as 
anaesthesia had been induced the animal was placed on a warm operating table. The abdo- 
men was opened by a mid-line incision and a transverse cut made in the lower duodenum 
and at the ileo-caecal junction, so that the whole of the small intestine could be washed out 
with bicarbonate saline solution (kept-at.37°.C). The duodenum was ligated about 1 cm distal 
to the transverse cut and the fluid contents of the intestine gently expressed. A loose 
ligature was placed around the lower ileum and a blunt needle, attached to a syringe con- 
taining glucose or L-histidine solution, was passed through the cut in the lower ileum and 
the ligature pulled tight over the needle shaft to prevent leakage of the injected 5 ml. test 
solution. As the needle was slowly withdrawn the ligature closed the intestine, which was 
then returned to the abdominal cavity. Absorption of the test solution was allowed to take 
place for a noted time, at the end of which the animal was killed by opening the chest and 
incising the heart. The small intestine was then removed, its surface carefully washed free 
from blood and its contents drained into a 50 ml. volumetric flask. The lumen was washed 
out with bicarbonate saline solution and the washings added to the 50 ml. flask, which was 
then filled up to the mark. The length of the small intestine was measured, care being taken 
to avoid stretching. 

In some experiments the animals were killed as soon as the test solution had been injected 
into the intestine, and the latter washed out immediately. 

Glucose and u-histidine solutions. p-glucose of Analar grade and L-histidine monohydro- 
chloride of chemically pure grade were dissolved in bicarbonate saline solution (Krebs & 
Honseleit, 1932). In the in vitro experiments one solution was used containing 0-3 % glucose 
and 2m u-histidine. In the in vivo experiments either 0-4% glucose was used or | mm 
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L-histidine with 0-3 % glucose. All solutions were gassed with 5% CO, and 95% O, before 
use. 
Chemical estimations. Glucose was estimated by the. colorimetric method of Nelson 
(1944), and L-histidine by the colorimetric method of Macpherson (1946). 


| RESULTS 
In vitro experiments 


Table 1 shows the effect of varying degrees of dietary restriction on the 
weights of the rats in the various groups. It should be noted that 5 g of 
food per rat per day represented about 20% of that eaten per rat per day 
in the control group. The animals in groups C—F lost about 20% of their 
starting weight during the period of dietary restriction, but remained 
otherwise apparently healthy. All the animals in groups D, # and F 
gained weight on being fed ad libitum, the animals in group F' regaining 
their initial weight after 7 days. 


Taste 1. Effect of dietary regimen on body weight of rats used for in vitro experiments 


Nature of dietary 
regimen 


days subse- : Wt. after 
restricted quent Wt. at start Wt. at end subsequent 
No. of feeding feeding of dietary of dietary feedi 
Group animals (5g/day) adlib. restriction (g) restriction (g) ad lab. (g) 


A 6 (Controls. Fed ughout:, final weight 258 + 16) 

B 6 5 None 269 + 235+ 8 a 

C 6 9 None 285+12 227+ 8 —- 
D 6 9 1 277+19 221417 248 +17 
E 6 9 3 296 + 26 217+ 20 263 + 23 
F 6 9 7 285+ 18 230+ 14 295 + 22 


Values are means + standard deviations. 


Table 2 shows the effect of dietary restriction on the ability of the rat 
small intestine to absorb glucose and t-histidine against a concentration 
gradient. After 9 days of dietary restriction it was found that the small — 
intestine was able to develop concentration gradients considerably greater 
than those developed by the control group, and that the quantities of 
glucose and L-histidine which could be so transported were increased. The 
small intestine of animals fed on a restricted diet for 5 days was able to 
transport amounts of glucose and L-histidine, and to develop concentra- 
tion gradients, intermediate between those of the control group and those 
of animals which had been fed on a restricted diet for 9 days. 

In order to investigate the rate of return of the intestine to its normal 
state, some animals were fed ad libitum for 1, 3 or 7 days after being on the 
restricted diet for 9 days. It will be seen from Table 2 that there was a 
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return towards normal in the intestine’s ability to concentrate both 
L-histidine and glucose, even after as short a period as 24hr on an un- 
restricted diet (group D). After 7 days on an unrestricted diet (group F) 
absorption of glucose and L-histidine by the intestine was virtually normal, 
while group # gave intermediate values. The sudden return to an un- 
restricted diet had no apparent ill effect on any rat. 

The serosal volumes of the sacs from control animals increased by 
30+ 4%, from animals on a restricted diet for 5 days by 45+ 5%, and 
from animals on a restricted diet for 9 days by 37+4°% (mean + standard 
error of mean). | 

Table 3 shows the final concentration of L-histidine in the mucosal and 
serosal fluids from the sacs of everted small intestine. It will be seen that 


TaBLE 2. Effect of semistarvation on transport of glucose and L-histidine by sacs of everted 
small intestine in vitro. Initial L-histidine concentration in mucosal and serosal fluid was 
2mm; initial mucosal volume 20 ml.; initial serosal volume 0-5-1-0 ml.; length of sac 
3-4 cm. Experimental period | hr. Temp. 37° C 


. Amount transported/100 mg dry 
Concentration ratios developed wt. of sac 
(serosal concn./mucosal concn.) A 
No.of A Glucose L- histidine 
Group sacs Glucose L-histidine (mg) (~ mole) 
A 35 1-44+0-05 1-81 +0-05 0-80 + 0-23 2-814 0-25 
B 34 2-38 + 0-07 2-74+0-14 3-78 + 0-32 5-31 + 0-60 
C 32 2-63 + 0-06 3:17+0-13 6-59 + 0-43 8-30 + 0-50 
D 33 1-99 + 0-05 2-74 + 0-08 3-94 + 0-34 6-80 + 0-40 
35 1-94 + 0-05 2:18+ 0-07 3-15+ 0-28 4-49 + 0-33 
F 36 1-52 + 0-07 1-77 + 0-06 1-24+ 0-27 2-59 + 0-23 


Values are means + standard error of means. 


in all groups the mucosal fluid showed a fall and the serosal fluid a rise in 
the concentration of L-histidine. The serosal volume was small compared 
with the mucosal volume and this enabled a large increase in its L-histi- 
dine content to occur without causing more than a relatively small change 
in the L-histidine concentration of the mucosal fluid.’ Not all the L-histidine 
which disappeared from the mucosal fluid was transported to the serosal 
fluid. If we assume that this fraction was not metabolized, it is possible 
to calculate its average concentration on the basis of even distribution 
throughout the intestinal wall, although the actual concentration of L- 


histidine is presumably higher in the subepithelial space than in the sub- 


serosal space and the latter concentration must be higher than that in the 
serosal fluid. On the assumption that the concentration of L-histidine in 
the subserosal space is in near equilibrium with that in the serosal fluid, 
the estimates shown in Table 3 suggest that the L-histidine concentration 
in the subepithelial space of the sacs from animals on a restricted diet must 
be considerably higher than that in sacs from control animals. 
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TaBLeE 3. Effect of semistarvation on concentration of L-histidine in final mucosal and serosa/ 
fluids from sacs of everted small intestine, and estimated concentration in intestinal wal! 
after 1 hr. Initial t-histidine concentration in mucosal and serosal fluid was 2 mm; initial 
mucosal volume 20 ml.; initial serosal volume 0-5-1-0 ml. Length of sac 3-4 cm. Temp. 
37° C 


mean concn. 
Final mucosal in intestinal Final serosal 
Group concen, (mM) wall (mm) ¢onen. (mm) 
A 1-92 + 0-02 3-8 3-40 + 0-08 
B 1-72 + 0-02 9-7 4-66 + 0-20 
C 1-68 + 0-02 10-5 5-32+0-17 
D 1-73 + 0-02 8-3 4-70+0-11 
E 1-72 + 0-02 9-7 8-72+0-10 
F 1-87 + 0-02 4-0 3-26+0-10 


Values are means + standard error of means. 


In vivo experiments 
Table 4 shows the effects of dietary restriction on the body weight and 
the length of the small intestine of the rats used for these experiments. 
Measurement of intestinal length presents a problem due to muscular 
contraction and the ease with which the intestine can be stretched. How- 


_ ever, under standard conditions the results for the various groups showed 


relatively little scatter. It will be seen that the degree of loss of weight in 


these animals was comparable with that found for the animals used in the 


in vitro experiments. It can also be seen that restricting the diet of the 


TaBLE 4. “Effect of dietary regimen on body weight and length of small intestine 
of rats used for in vivo experiments 


Wt. at start Wt. at end Length of : 


Test No. of of dietary of dietary 
Group substance animals restriction (g) restriction (g) intestine (cm) 

A Glucose 38 (Controls. Fed ad lib. throughout: 804+5 
final wt. 272 + 4) 

B Glucose 39 27243 229 +7 73+5 

Glucose 37 272+4 209 + 8 

A Histidine 34 (Controls. Fed ad lib. throughout: 81+6 
final wt. 274+ 3) 

C Histidine 34 27443 207+8 72+6 


Values are means + standard deviations. 


animals to 5 g of food per day for either 5 days or 9 days caused a signi- 
ficant decrease in the length of the small intestine. It may also be noted 
here that the intestine of animals on a decreased diet had a smaller 
diameter and was considerably thinner than that of animals fed ad libitum. 

The effect of dietary restriction on glucose and L-histidine absorption 
is shown in Figs. 1 and 2 respectively. The amount of glucose absorbe:l 
was measured for experimental periods of up to 30 min. In the case cf 
L-histidine it was decided to measure the amount absorbed at zero time, 
and after 10, 20 and 30 min, to enable a statistical evaluation to be mad” 
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Fig. 1. Effect of dietary restriction on rate of absorption of glucose from whole 
of small intestine of rat in vivo. 5 ml. of 0-4 % glucose in bicarbonate saline solu- 
tion introduced into each small intestine. O, rats fed ad. lib.; @, rats on restricted 


diet 9 days. 
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Fig. 2, Effect of dietary restriction on rate of absorption of t-histidine from whole 
of small intestine of rats in vivo. 5 ml. of 1 mm t-histidine with 0-3% glucose in 


bicarbonate saline solution introduced into each small intestine. Ten animals in 


each group for estimation of absorption at zero time; eight animals in each group 
at 10, 20 and 30 min. Values shown are means and 95% confidence intervals. 
Symbols as in Fig. 1. 
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of the results for each of these periods of absorption. The results plotted in 
Fig. 2 show means and 95% confidence intervals for each experimental 
périod, i.e. it can be said with 95 %, certainty that the true mean lies within 
these limits. Testing the significance of the difference of the means, we 
found that at zero time P < 9-01, at 10min P < 0-02, at 20min 
P < 0-02 and at 30 min P < 0-01. 

The semistarved animals absorbed better than control animals, the 
effect being more marked in the case of glucose. Animals on a restricted 
diet for 5 days absorbed glucose at about the same rate as those on a 
restricted diet for 9 days and have therefore been omitted from Fig. | 
for the sake of clarity. The amount of glucose absorbed by the semistarved 
animals after 10 min was about 60% more than that absorbed by the 
control animals, and after 20 min the corresponding value was about 27 °%. 
As almost all the glucose introduced into the intestinal lumen was absorbed 
in 30 min the difference between the two groups of animals became small 
at that time. For t-histidine the values at 10 and 20 min were 22 and 11 % 
respectively. At zero time no L-histidine was absorbed by the control 
animals, whereas an immediate uptake of a small amount occurred 
in the restricted group. In the case of glucose, there was an immediate 
absorption of about 8° by the control animals and about 15 % by the 
animals on a restricted diet. 


DISCUSSION 


Little critical work appears to have been done on the effect of semi- 
starvation on intestinal absorption, although some incidental findings in 
rats deprived of food have been published. Thus Cori & Cori (1927), 
Horne, McDougal & Magee (1933), Marrazzi (1940), and Magee (1945) 
suggest that fasting causes a decrease in glucose absorption in rats in vivo, 
although Heller (1954) found that a 96 hr fast did not do so. However, 
these workers used very concentrated solutions of glucose and techniques 
which differed considerably from ours. 

In the present paper the results of the in vivo experiments show that 
when 0-4% glucose solution is introduced into the lumen of the whole of 
the small intestine of semistarved rats, there is a disappearance of glucose 
at a rate greater than that found with rats fed ad libitum. Such an increase 
in the rate of disappearance of glucose could be due to an increased rate 
of utilization, increased storage by the intestinal wall, or increased absorp- 
tion and transfer to the blood. The rate of glucose disappearance from the 
lumen in the in vivo experiments does not necessarily reflect the ability of 
the intestine to transfer glucose against a concentration gradient, but the 
latter can be easily measured by the use of sacs of everted small intestine 
in vitro. The results of such experiments show that the small intestine of 
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the semistarved animal can absorb glucose against its concentration 
gradient better than normal small intestine. An enhancement of absorp- 
tion was also obtained when solutions of t-histidine were used, and although 
the increase in its rate of disappearance in vivo is less than that found for 
glucose the results will be seen to be statistically highly significant. It is 
interesting to note that the rate of disappearance of both glucose and 
L-histidine is enhanced in vivo in semistarved rats, despite the occurrence 
of a reduction in the length of the small intestine. From the in vitro 
experiments it is clear that the enhancement of transport of glucose and 
L-histidine is not due to a decrease in the ability of the intestine to absorb 
water. As was noted in the Results, the concentration of L-histidine in the 
subepithelial space must have been greater than that in the subserosal 
space of the sacs of everted small intestine. The rate of diffusion of L- 
histidine into the serosal fluid in such sacs will depend therefore on its 
subepithelial concentration and also on the barrier to diffusion presented 
by the intestinal wall. Jn vitro, therefore, the thinner intestinal wall 
found in the semistarved animals could conceivably exaggerate the dif- 
ference between the absorptive powers of semistarved and control 
animals. In the case of absorption in vivo, however, the very close relation- 
ship between the villous epithelium and subepithelial capillaries is un- 
altered by dietary restriction and the enhanced rate of absorption of 
glucose and t-histidine in the semistarved animals in vivo cannot be 
exaggerated by a thinner intestinal wall. A more rapid rate of diffusion 
_ from the subepithelial space into the capillaries would, however, be 
brought about by the higher concentrations of glucose and L-histidine 
which are produced in this space in the animals on a restricted diet. 

A sudden return to an unrestricted diet caused no ill effect after 9 days on 
a severely reduced diet. This is in agreement with the observation of Sun 
(1927) who found no ill effects on refeeding mice after starvation. These 
results are in contrast to the view that feeding ad libitum after a period of 
severe semistarvation may be fatal. Hehir (1922) has stated that in severe » 
starvation there is a point of no return, despite provision of a diet ade- 
quate in calories. However, the results of the numerous investigations in 
Europe at the end of the 1939-45 war (Leyton, 1946; Mollison, 1946; Mur- 
ray, 1947) would suggest that his view is incorrect in the absence of avita- 
minosis. The findings of Leyton (1946) are of interest in this respect as they 
show that in the absence of disease semistarved prisoners in German camps 
(who had lost at least 20° of their original weight) were able to eat 
immediately and without any ill effects an unrestricted diet provided that 
it had an adequate vitamin content. 
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SUMMARY 


1. The effect of varying degrees of dietary restriction on the absorption 
of glucose and L-histidine by the small intestine of the rat has been studied 
in vitro and im vivo. | 

2. It was found that during a period of semistarvation some compen- 
satory mechanism is brought into play which increases the ability of the 
small intestine to absorb glucose and L-histidine against a concentration 
gradient. The increase in active absorption disappeared after a few days on 
an ‘ad libitum’ diet. 


We wish to thank Messrs. L. Light and Co. Ltd., Colnbrook, Bucks, for gifts of amino 
acids. 
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THE INHIBITORY ACTION OF NICOTINE ON 
THE RABBIT COLON 


By J. GILLESPIE anv B. R. MACKENNA 
Department of Physiology, Glasgow University 


(Received 14 September 1959) 


The response to nicotine of intestinal preparations in vitro is usually a 
contraction due to stimulation of the parasympathetic cholinergic neurones 
in Auerbach’s plexus. Ambache (1951) and Ambache & Edwards (1951) 
found that an inhibitory effect of nicotine could be demonstrated if these 
intrinsic cholinergic motor neurones were first put out of action, either by 
Clostridium botulinum toxin (rabbit small intestine) or by atropine (kitten 
small intestine and stomach). This effect could be blocked by nicotine in 
ganglion-cell-paralysing doses and by hexamethonium. In the ileum of 
the rabbit an inhibitory effect of nicotine could not be produced in the 
presence of atropine because the motor effects of nicotine were not abo- 
lished by atropine unless high, and probably non-specific, concentrations 
of this drug were used. In contrast we have found previously, in experi- 
ments on preparations of the rabbit colon, that nicotine could produce 
inhibition in this region of the alimentary canal. By selecting suitable dose 
levels of nicotine we could obtain either pure inhibitory responses (with 
low doses), or pure motor responses (with high doses), or mixed inhibition 
and contraction ; chotinergi blocking agents were not required in these 
experiments. 

Nicotine is known to produce in other organs sieeipharel effects which 
are apparently due to the release of catechol amines, in particular, accelera- 
tion of the heart (Hoffman, Hoffman, Middleton & Talesnik, 1945; 
Kottegoda, 1953a), constriction of blood vessels (Kottegoda, 19536; 
Hilton, 1954; Burn & Rand, 1958; Strémblad, 1959) and dilatation of 
bronchial smooth muscle (Hawkins & Paton, 1958). Ambache (1951) 
attributed the inhibition with nicotine in the intestine to a release of 
catechol amines from the nerve endings of adrenergic neurones in Auer- 
bach’s plexus, since it could be blocked by ephedrine. In other tissues 
chromaffin cells have been suggested as an alternative source of the 
catechol amines. Since nicotine-induced inhibition can be demonstrated 
easily in the colon, we have used this preparation for further investigations 
of the mechanism of nicotine action and, in particular, to decide whether 


- chromaffin. cells, rather than adrenergic neurones, might be the source of 
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the inhibitory amines. The results do not support the view that chromaffin 
cells are responsible for this effect. 


METHODS 


Rabbits of either sex were killed by a blow on the neck and bled. Preparations were 
made, as described by Garry & Gillespie (1955), of the rabbit colon complete with its ex- 
trinsic sympathetic (lumbar colonic) and parasympathetic (pelvic) nerve supplies, each of 
which could be stimulated separately. Magnus preparations of colon and ileum, without 
dissected lengths of the extrinsic nerves, were also used. The preparations were suspended 
in Krebs’s saline solution at 36° C in a 200 ml. isolated organ bath, and the contractions of 
the longitudinal muscle were recorded on a smoked drum with a light gimbal isotonic lever 
(magnification 3 x ); the tension on the preparations was 0-5 g. The composition of the bath 
fluid was as follows: (g/l.) NaCl, 6-92; KCl, 0-35; CaCl, 0-28; KH,PO,, 0-16; MgSO,.7H,0, 
0-29; NaHCO,, 2-1; glucose, 2. 

To make mucosa-free preparations the colon was first converted into a flat strip by a 
longitudinal cut along the antimesenteric border, and the preparation was pinned out on 
cork, mucosal side upwards. The line of cleavage between the submucosa and the under- 
lying muscle layer was easily identified and the mucosa and submucosa were stripped off 
with fine forceps, preferably in the direction of the circular muscle. When suspended in the 
organ bath such preparations displayed the rhythmic activity usual in normal preparations, 
with the added advantage of a more stable base line; they responded well to electrical 
stimulation of the extrinsic sympathetic and parasympathetic nerves. 

Two methods were used for staining the chromaffin cells in the gut. First, the chromaffin 
reaction, unmodified, The piece of intestine was opened out, pinned flat on to a cork board 
with quills, and then fixed for 24 hr in Miiller’s fluid containing 10 % formalin. The material 
was then ‘post-chromed’ for 3 days in a 25% aqueous solution of potassium bichromate, 
after which it was washed, dehydrated, embedded in paraffin and sectioned at 7 ». The 
sections were subsequently lightly counter-stained with haemalum. The second method was 
that of Sevki, as described by Adams-Ray & Nordenstam (1956). The preliminary treatment 
was the same as above but, after embedding in paraffin, the tissue was sectioned and the 
sections stained by a modified Giemsa method. 

The wap itis drugs were used : adrenaline hydrochloride, acetylcholine chloride, atropine 
sulphate, dimethylphenyl-piperazinium iodide (DMPP), hexamethonium bromide (May & 
Baker), nicotine hydrogen tartrate, reserpine (Serpasil; Ciba), and choline 2:6 xylyl ether 
bromide (TM 10). Concentrations refer to the salts. 


RESULTS 


_ The action of nicotine and DM PP. It is well known that the response to 
nicotine of the rabbit’s ‘small intestine is always a contraction. In the 
colon the type of response varies with the concentration of nicotine. With 
low concentrations the first response is always inhibition. When the con- 
centration of nicotine is increased the response becomes first biphasic. 
with inhibition followed by contraction, and finally purely motor. These 
results are shown in Text-fig. 1.'The concentration of nicotine which will 
produce pure inhibition varies from one preparation to another, but is 
usually between 10-* and 10-*. As Ambache & Lessin (1955) have 
shown, in the ileum the ganglion-stimulating drug DMPP can also cause 
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inhibition. In the colon the effect is neither greater nor more readily 
elicited than with nicotine and the drug was not used extensively. 

Effect of atropine. Nicotine in concentrations greater than 10-5 causes 
the colon to contract. It is possible that in these concentrations it also 
stimulates the inhibitory mechanism, but this is masked by the strong 
contraction arising from the stimulation of the cholinergic ganglion cells 
in Auerbach’s plexus. If the effects of stimulation of these motor neurones 
could be blocked at the nerve—muscle junction by atropine, then it should 
be possible to reverse the normal motor response by uncovering the co- 
existing inhibition. This expectation was fulfilled, as is shown in Text- 
fig. 2. The response at A to nicotine 10-*' before atropine was a contrac- 


Ni 
8x107 


4x10 


Text-fig. 1. Rabbit colon preparation (in vitro in this, as in all subsequent experi- 
ments). Curved dotted lines indicate addition of nicotine (Ni), or washing. 
Nicotine in low concentrations elicits an inhibitory, and in high concentrations 
a motor, response. In all text-figures time marker = 30 sec. ? 


tion; at B in the presence of atropine 10~*, nicotine 10~° produced inhi- 
bition. The concentration of atropine used was that which was necessary 
just to block the response to stimulation of the parasympathetic (pelvic) 
nerves, on the assumption that these nerves have as their final pathway the 
same motor neurones as are stimulated by nicotine. Atropine in such high 


‘concentrations, besides blocking ‘muscarinic’ effects, also reduced ‘nico- 


tinic’ effects slightly (Text-fig. 2). Thus, small doses of nicotine, which 
before atropine produced inhibition, were ineffective after atropine. 
However, larger doses of nicotine, previously eliciting contractions, now 
had a reverse effect, i.e. inhibition. Fortunately, after the atropine was 
washed out, its anti-muscarinic blocking action persisted for some hours, 
as was shown by the block of the motor response to pelvic nerve stimu- 
lation. In contrast, the antagonism by atropine of nicotine inhibition 


disappeared fairly quickly, as shown for example in Text-fig. ” the 
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increasing effectiveness of nicotine in producing inhibition, 20 min and 
40 min respectively after the removal of atropine. 

In most experiments atropine was used in this way to demonstrate the 
inhibitory effect of nicotine. Atropine sulphate 10~ or 2 x 10~* was added 
to the bath fluid and left in contact with the preparation until the response 
to stimulation of the pelvic nerve was blocked. The atropine was then 
removed and nicotine in a concentration of 10-* added, to produce inhi- 
bition. This method reliably demonstrated inhibition and avoided the 


necessity of determining in each preparation the exact dose of nicotine, — 


which would, acting alone, produce inhibition. 


Ni Ni Ni 
Text-fig. 2. Reversal by atropine of the nicotine response in the rabbit colon. 
At Ni, nicotine 10-°. A, before atropine; B, in the presence of atropine 10‘; 
C and D, 20 and 40 min, respectively, after washing out the atropine. 


Effect of hexamethonium and of large doses of nicotine. Ambache (1951) 


and Ambache & Edwards (1951) found that the inhibitory action of 
nicotine was abolished by hexamethonium or by ganglion-paralysing doses 
of nicotine. In our experiments too, hexamethonium bromide added to 
the bath in concentrations similar to those required to block the response 
to stimulation of the pelvic nerve, also blocked the inhibitory effect of 
nicotine (Text-fig. 3A). Although high concentrations of hexamethonium 
were required, its action could be shown to be specifically ganglion- 
blocking in that the response to stimulation of the lumbar sympathetic 
nerves (Text-fig. 6) and the responses to administered acetylcholine or 
noradrenaline were unaltered. 


If large ganglion-paralysing doses of nicotine were added to the bath 
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and left in contact with the preparation until the tone and activity had 


~ returned to their previous level, then the addition of further small doses of 


nicotine, which had previously caused inhibition, was now ineffective 
(Text-fig. 3B). 

Effect of reserpine. The similarity between the inhibition produced by 
nicotine and the inhibition which follows stimulation of the sympathetic 


Ni Ni Ni Ni 
15x 10° 8x 10° 15x10 8x 10° 
Text-fig. 3. A. Extinction by 2x 10-* hexamethonium bromide (C,) of the inhi- 
- bition produced by nicotine 10-5 (Ni) in the rabbit colon. B. A high concentration. 
of nicotine (8 x 10-*) left in contact with the preparation abolishes both the 
inhibitory effect of a small dose of nicotine and the motor effect of a second, 
larger, dose of nicotine. 


lumbar nerves suggested that the nicotine response might be mediated by 
the release of a catechol amine at some site in the gut wall. It is known 
that reserpine can produce a depletion of these amines at peripheral 
adrenergic nerve endings and, less readily, in chromaffin cells (Muscholl & 
Vogt, 1958); according to these authors’ results it would seem that reser- 
pine is more effective in repeated, small, doses, particularly on chromaffin 
cells. We have accordingly given rabbits single daily intravenous injections 
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of reserpine 0:2 mg/kg for 10 days. A group of eight animals was used, 
four treated with reserpine in a suitable vehicle and the other four, serving 
as controls, receiving daily injections of an equal volume of the vehicle 
by itself. In the four preparations from the reserpine-treated animals the 


Before atropine After atropine | 


L P Ni P L Ni 

Text-fig. 4. Effect of reserpine on the response of the rabbit colon preparation to 
nicotine 10-5 (Ni) and to parasympathetic (P) and sympathetic (L) stimulation. 
Above, preparation from a control animal injected with the reserpine vehicle; 
below, from an anima! given reserpine 0-2 mg/kg 1.v. daily for 10 days. In the 
control, nicotine causes inhibition and this is enhanced after atropine. In the 
preparation from the reserpine-treated animal nicotine has little or no inhibitory 
action either before or after atropine, and the response to sympathetic nerve 
stimulation is reversed to motor. 


inhibitory effect of nicotine was almost completely abolished, whereas in 
each of the four control animals powerful inhibitory responses were 
obtained (Text- -fig. 4). An unusual finding in these experiments was that 
after reserpine depletion of the adrenergic nerve endings the response to 
sympathetic nerve stimulation not only ceased to be inhibitory but was, 
in fact, replaced by a motor response. This sympathetic reversal has been 
further investigated and will be reported separately. 
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Effect of choline 2:6 xylyl ether (T'M 10). The results so far described have 
shown that the inhibition produced by nicotine in the rabbit colon was a 
true nicotinic effect of the drug, being blocked by hexamethonium and by 
large paralysing doses of nicotine, and that the action was mediated by the 
release of a catechol amine. There remained the problem of the site of 
liberation of this amine. The two obvious possibilities were (1) adrenergic 
neurones in Auerbach’s plexus and (2) chromaffin cells. The following 
experiments were designed to distinguish between these two possibilities. 

TM 10, although possessing numerous other actions, is known to block 


_ the effects of adrenergic nerve stimulation, apparently by interference with 


the synthesis or release of the transmitter (Exley, 1957). Bain & Fielden 
(1956) found that it-abolished the effect of sympathetic nerve stimulation 


in the small intestine. Chromaffin cells, as for example in the adrenal 


medulla, are relatively resistant to the action of TM 10 and no effect on 
their release of catechols could be shown in acute experiments (Exley, 
1957). This drug might therefore be expected to discriminate between an 
action of nicotine on the adrenergic neurones and on chromaffin cells. 

In the present experiments on colon preparations, the response to stimu- 
lation of the adrenergic supply in the extrinsic sympathetic nerves was 
abolished after about 70 min exposure to TM 10. On the other hand, the 
inhibition produced by nicotine was only slightly reduced (Text-fig. 5) and 
the motor response to parasympathetic stimulation was also unaffected. 

Histological findings. The above results suggested that the action of the 
nicotine was perhaps on chromaffin cells. We have therefore examined 
serial sections of lengths of colon for the presence of chromaffin cells or 
chromaffin tissue. As controls, lengths of colon from rabbits treated with 
reserpine were similarly examined after the reserpine had discharged the 
contents of the chromaffin cells. Other tissues examined were: stomach, 
duodenum, ileum, inferior mesenteric ganglion, and solar ganglion. 

In the normal colon the-only cells giving the chromaffin reaction were 
the enterochromaffin cells in the mucosa. The region of Auerbach’s plexus 
was examined particularly carefully in a large number of sections without 
discovering any chromaffin-staining cells. The enterochromaffin cells also 
stained well with Sevki’s method, assuming a dark reddish-brown or buff 
colour. In animals reserpine-treated for 5-10 days enterochromaffin cells 
disappeared completely from the colon, which was examined by both 
methods of staining. — 


With Sevki staining one other type of cell was found in the mucosa and submucosa of all 
parts of the alimentary tract examined (Pl. 1, g). They were much commoner in the small 
intestine than in the colon. These cells contained bright red, discrete granules: the cell 
outline was ill-defined, the granules often appearing to lie almost free; the cytoplasm was 
unstained and the disposition of the granules was very variable. The nucleus was commonly 
single, occasionally bilobed. These cells resembled the chromaffin cells in the skin illustrated 
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by Adams-Ray & Nordenstam (1956), but were not in fact chromaffin cells, since, in animals 
treated with reserpine, their staining properties remained unaltered, whereas the known 
enterochromaffin cells became invisible. From their bright red granules and occasional 
bilobed ‘spectacle’ nucleus it may be inferred that they are almost certainly eosinophils, 
a cell commonly found free in the gut wall. These cells together with typical enterochromaffin 
cells are illustrated in Pl. 1. 


In the inferior mesenteric and solar ganglia, groups of typical chromaffin 
cells were found, chiefly on the outside of the ganglia, but occasionally 


single cells or small groups were found buried among the ganglion cells, as 
described by previous authors (Kohn, 1903; Muschol & Vogt, 1958). 


Ni Ni 


Text-fig. 5. Effect of TM 10 (choline 2:6 xylyl ether) on the response of the rabbit 
_ colon preparation to stimulation of the extrinsic sympathetic nerves (L) and to 
nicotine 10-5 (Ni). A, inhibitory responses produced initially by nerve stimu- 
lation and by nicotine. Between A and B, TM 10 (2 x 10-5), abolishing inhibitory 
effect of sympathetic stimulation but not of nicotine, which is slightly reduced. 


Chromaffin cells were not found in the stellate ganglion. It should be 
mentioned here that in the innervated colon preparation which we used 
for our nicotine experiments the inferior mesenteric ganglion is retained. 
Nicotine, however, could not have produced inhibition by liberating 
adrenaline or noradrenaline from this ganglion into the bath fluid, since 
even when all the mesentery and external nerves had been removed inhi- 
bition was still produced by nicotine. Thus Text-fig. 3B is from such a 
preparation. 

_ Effect of mucosal stripping. The only chromaffin cells demonstrable in the . 
gut wall were the enterochromaffin cells in the mucosa. It is almost certain 
that these cells contain 5-hydroxytryptamine (5-HT), a substance which 


- 
- 
is! 
3 
4 
pic 
a 
g 
2 
4 
4 
| 
> 


al 
8, 


NICOTINE INHIBITION OF RABBIT COLON 199 


has a motor rather than an inhibitory effect on the smooth muscle of the 
colon. It was, however, conceivable that these cells might also produce | 
catechol amines, either together with 5-HT in the same cell, or if the cell 
population were not uniform, in a few cells producing only catechol 
amines. If such catechol-amine-liberating cells were present, then removal 
of the mucosa ought to abolish the inhibitory effect of nicotine. After 
stripping the mucosa, the smooth muscle appeared undamaged since it 
continued to respond normally to stimulation of both sympathetic and 


L Ni Ce Ni L 
Text-fig. 6. Mucosa-free rabbit colon preparation, showing normal responses to _ 
sympathetic nerve stimulation (L) and to nicotine 10~° (Ni). Hexamethonium 
(C,) 10-* abolishes the response to nicotine without affecting the response to 
sympathetic nerve stimulation. 


parasympathetic nerves; moreover, the inhibitory response to nicotine was 
also unaffected, as shown in Text-fig. 6. In this experiment the inhibitory 
responses to lumbar nerve stimulation and to 10-* nicotine were similar; 
but the nicotine response was completely blocked by hexamethonium, as 
before, whereas the response to stimulation of the post-ganglionic sym- 
pathetic nerves was unaffected. 3 | 

Nerve fatigue and degeneration. The histological evidence that the only — 
chromaffin cells present were those found in the mucosa, reinforced by the 
clear evidence that removal of these cells did not abolish the inhibitory 
effect of nicotine, redirected attention to the sympathetic nerves as the 
source of the catechol amines. The possibility that nicotine might release 


‘sympathin directly from sympathetic nerve endings was therefore con- 
_ sidered. To test this, an attempt was made to reduce or to eliminate this 


sympathin in the gut wall by two methods. First, the nerves were 
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stimulated for long periods at high frequency (50/sec) until the preparation 
had ‘escaped’ from the initial inhibition; nicotine was then added while 
the stimulation was continued. The result is shown in Text-fig. 7. Even 
when the preparation had ‘escaped’ and recovered much of its original tone 
and rhythmic activity, i.e. when the amount of sympathin liberated from 
the nerve endings was presumably reduced, nicotine added to the bath still 
produced inhibition as before. 

Secondly, the sympathetic nerves were cut and allowed to degenerate 
for 14 days. In these animals the cut peripheral ends of the nerves were 
stimulated during the subsequent experiment in vitro, to demonstrate the 
completeness of the denervation and degeneration. It was surprising how 


Ni ; 
Text-fig. 7. Effect of exhaustive stimulation of the sympathetic nerves on the 
inhibitory action of nicotine. A, response to nicotine 10-* before nerve stimu- 
lation; B, the beginning of sympathetic stimulation; C, 100 min later there is 
some escape from the inhibitory effect; nicotine (after atropine) still produces 
inhibition of nerve stimulation, as before. 7 


Atr Ni 


often some residual inhibitory effect was obtained in preparations in which 
the inferior mesenteric ganglion had been completely removed and both 
the inferior mesenteric artery and the colonic vein apparently stripped 
clean. This may be due to the survival of a proportion of intact post- 
ganglionic fibres, originating in groups of ganglion cells situated distal to 
the main ganglionic mass but along the course of the artery. In those 
preparations in which there was a residual response from stimulation of 
the extrinsic sympathetic nerves nicotine still elicited an inhibitory response. 
Our impression was that this was weaker than would be expected in normal 
preparations. In those preparations in which stimulation of the extrinsic 
sympathetic nerves was ineffective, nicotine when added to the bath pro- 
duced either no inhibition or, more often, only a small inhibitory response. 
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DISCUSSION 


We have demonstrated that nicotine on the colon of the rabbit causes 
inhibition of the smooth muscle. This effect is not due to paralysis of 
intrinsic motor neurones, since it appears at concentrations lower than are 
required for stimulation of these neurones. The inhibition is abolished by 
hexamethonium in the same concentration as is required to block post- 
ganglionic parasympathetic neurones; and the time course of the onset of 
block and the recovery after washing is similar. The inhibition is therefore 
a true ‘nicotinic’ effect. It is apparently due to the release of catechol 
amines from some site in the gut wall, since reserpine, which produces 
depletion of these amines, also abolishes the inhibitory effect of nicotine. 

Two possible sources of these catechol amines would fit the experimental 
results, either adrenergic neurones in Auerbach’s plexus or chromaffin cells 
in the gut. In further experiments objections have arisen to both. TM 10 
could be shown to block the inhibitory effect of known adrenergic neurones 
(the extrinsic sympathetic nerves), without substantially affecting nicotine 
inhibition. Histologically chromaffin cells were present only in the mucosa, 
yet removal of the mucosa did not abolish the inhibitory action of nicotine. 
Finally, section and degeneration of the extrinsic sympathetic nerves 
abolished or reduced the inhibitory response, indicating that the site of 
liberation of the catechol amines was probably the post-ganglionic 
extrinsic sympathetic nerve endings or some structure assvviated with 
them. 3 

Coon & Rothman (1940) reported fleeting pilo-erection after intraderm 
injection of acetylcholine or nicotine in man and in the cat. This response 
was unaffected by acute section of the nerve supplying the area, but was 
abolished after degeneration of the sympathetic nerves. These authors 
attributed the effect to an axon reflex in the terminals of peripheral . 
sympathetic pilomotor nerves. Hilton (1954) described a similar effect in 
the terminals of sympathetic vasoconstrictor fibres. The inhibition of the 
colonic musculature produced by nicotine appears to be a similar pheno- 
menon in that it is unaffected by acute sympathetic nerve section but is 
reduced or abolished by degenerative sympathetic section. It could there- 
fore be attributed to an axon reflex in the sympathetic nerve endings. It is, 
however, difficult to visualize exactly how nicotine initiates this reflex in 
efferent fibres. Neither nicotine nor acetylcholine even in large concen- 
trations appears able to stimulate nerve fibres (Lorente de No, 1944; 
Hodgkin, 1947), which would suggest that the drug must act on the nerve 
endings. However, such evidence as there is suggests that nicotine or 
acetylcholine is as ineffective at efferent nerve endings as on nerve fibres. 
Acetylcholine added to the fluid perfusing sympathetic ganglia, even in 


e 
ll 4 
f 
‘a 
C 
4 


202 J.S. GILLESPIE AND B. R. MACKENNA 


high concentrations, failed to stimulate the preganglionic sympathetic 
nerve endings and to initiate action potentials in the preganglionic fibres 
(Brown & MacIntosh, 1939; Bronk, 1939). Because of these difficulties we 
would like to suggest the possibility that nicotine acts, not on the adren- 
ergic nerves proper, but on some structure related to these nerves and 
intervening in some way between them and the effector cells. This structure 
would then be responsible for the spread of the response, producing its 
effects by the liberation of a catechol amine. 

The histological picture of the final innervation of smooth muscle by the 
autonomic nervous system is still obscure and the subject of considerable 
difference of opinion. This mainly centres round the nature of those small 
cells first described by Cajal (1909) as ‘neurones sympathiques interstitiels ’, 
which form a network or ground plexus throughout all the tissues inner- 
vated by the autonomic nervous system. If these interstitial cells are some 
form of small, modified ganglion cells, then they would provide a much 
likelier site of action for nicotine than either nerve fibres or efferent nerve 
endings. To postulate such a nerve network brings its own difficulties. For 
example, in the present experiments after section and degeneration of the 


extrinsic sympathetic nerves the inhibitory effect of nicotine is reduced or _ 


abolished. Either the sympathetic ground plexus must also have de- 
generated, which seems unlikely, or else the catechol amines in the ground 
plexus are depleted in the absence of the extrinsic sympathetic nerves. 
This would make the sympathetic ground plexus a structure in which nor- 
adrenaline is stored; such stores have been postulated by Burn & Rand 
(1958) in the neighbourhood of adrenergic nerve endings in the walls of 
blood vessels and are believed to derive their noradrenaline from these 
nerve endings. 

The existence of such a plexus might also help to explain one remaining 
inconsistency in our experiments. If nicotine produces inhibition by 
releasing catechol amines from the extrinsic sympathetic nerves, why is 
this inhibition not abolished by TM 10 when the effect of nerve stimulation 
is abolished? If an intervening step between the sympathetic nerves and 
the effector muscle exists, then it is possible that TM 10 acts on the 
sympathetic nerves, either to block the synthesis or the release of trans- 
mitter, whereas nicotine acts directly on the sympathetic ground plexus 
to release its stored noradrenaline. An alternative explanation not in- 
volving a ground plexus is that TM 10 blocks the release of transmitter 
from the nerve endings by nerve action potentials but not by nicotine. 

Section and subsequent degeneration of the sympathetic nerves to the 
colon for 14 days produced a variable reduction in the inhibitory effect of 
nicotine. In one experiment inhibition was completely absent, but in 
others it was present though reduced. The reason for this is not known. 
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The post-ganglionic neurones are not confined to the inferior mesenteric 
ganglion. The few situated more peripherally would remain intact with our 
denervation technique and may be responsible for the residual inhibitory 
effect of nicotine. Other possibilities are that the stores from which 
nicotine releases the transmitter can be replenished by circulating adrena- 
line, as suggested by Burn & Rand (1959), or that after denervation the 
smooth muscle acquires a sensitivity to nicotine, as suggested by Winbury 
(1959). The possibility that in some sites nicotine may act otherwise than 
through the extrinsic nerves is suggested by the findings of Ginzel & 
Kottegoda (1953). These workers found that nicotine caused stimulation 
of rabbit auricles and vasoconstriction of the blood vessels of the ear even 
after sympathetic denervation and, in the ear, after sensory denervation. 

We have found no evidence that the inhibitory effect of nicotine can be 
mimicked by stimulation of the pelvic parasympathetic nerves. Ambache 
(1951) suggested that the adrenergic neurones to which he attributed the 
inhibitory effect in the ileum were inhibitory neurones within the peri- 
staltic reflex arc and might also be innervated by vagal preganglionic — 


fibres. The experimental basis for this vagal innervation was the report by 


McSwiney & Robson (1929) on the variable character of the response of 
the stomach to stimulation of the vagus. It is probable that these varia- 
tions in response are due to a mixture of cholinergic and adrenergic fibres 
in the vagus (Harrison & McSwiney, 1936; Garry & Gillespie, 1955). 
Certainly in our experiments after washing out the atropine and waiting 
for its anti-nicotinic effect to wear off (as shown by the recovery of the 
inhibitory effect of nicotine) there was no inhibitory response on stimu- 
lating the pelvic nerve. | | 


SUMMARY 


1. Nicotine in low concentration (10-*-10-5) causes inhibition of 
preparations of the rabbit colon in vitro. In high concentrations (> 10-°) , 
it causes contraction. The mechanism of the inhibitory response has been 
studied. 

2. The inhibitory. effect of nicotine was abolished by hexamethonium 
in concentrations similar to those required for blocking the ganglion cells 
in the parasympathetic pathway. Large, paralysing doses of nicotine 
likewise blocked the response. . 

3. The inhibitory action of nicotine was enhanced after atropine. The 
concentrations of atropine used were high and had some anti-nicotinic 
action as well as their more usual anti-muscarinic effect. A method is 
described of overcoming this side effect. 

4. After daily intravenous injections of reserpine for 10 days the 


_ inhibitory effect of nicotine virtually disappeared, presumably because of 
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the depletion of catechol amines by the reserpine. Nicotine therefore 
appears to produce inhibition by liberating a catechol amine. 

5. Choline 2:6 xylyl ether bromide (TM 10) suppressed the inhibition 
produced by sympathetic nerve stimulation but did not abolish the 
inhibition produced by nicotine. 

6. After degenerative section of the extrinsic sympathetic outflow the 
inhibitory effect of nicotine was reduced or lost. 

7. Histologically the only chromaffin cells found in the colon were the 
enterochromaffin cells in the mucosa. Removal of the mucosa did not 
abolish the inhibition produced by nicotine. Thus the participation of 
mucosal chromaffin cells in this effect is excluded. 

8. The inhibitory effect of nicotine, therefore, seems to be due to release 
of catechol amines either (1) from the extrinsic sympathetic nerves or 
(2) from some structure associated with them. It corresponds to the pilo- 
motor response in the skin described by Coon & Rothman (1940) and 
attributed by them to an axon reflex in efferent adrenergic fibres. The 
possibility that nicotine acts on some form of terminal sympathetic nerve 
network intervening between the sympathetic nerves and the smooth 
muscle is tentatively suggested. 


We are indebted to Professor W. A. Bain for the supply of TM 10; to Messrs May and 
Baker and Ciba for hexamethonium bromide and reserpine respectively; and to Miss G. 
Docherty, Miss A. Gilroy and Miss A. McCaffery for skilful technical samiatanice. The 
Rankin Medical Research Fund helped to provide apparatus. 
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EXPLANATION OF PLATE 
PLATE 1 

A. Section of normal rabbit colon stained by Sevki’s method and showing an entero- 
chromaffin cell (arrowed) in the mucosal glands and a granular cell (g) lying free in the 
stroma of the mucosa. 

B. Section of the colon from a rabbit-treated for 5 days with reserpine 0-2 mg/kg daily for 
3 days and 1 mg/kg daily for a further 2 days. Enterochromaffin cells are absent, but 
the granular cells are unaltered. 
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ACTIONS AND INTERACTIONS OF ALDOSTERONE MONO- 
ACETATE AND NEUROHYPOPHYSIAL HORMONES 
ON THE ISOLATED CAT KIDNEY 
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Intravenous infusions of quantities of aldosterone too small to affect 
renal function raised the concentration of potassium in the plasma of cats 
under chloralose anaesthesia (Davey & Lockett, unpublished). This obser- 
vation indicated extra-renal action of the hormone and raised the question 
whether the effects of aldosterone on renal function were predominantly 
the result of the direct action of this compound within the kidney itself or 
were, in large part, the consequence of its extra-renal effects. The existence 
of extra-renal actions of mineralocorticoids is well known; they have been | 
described by Wilson (1957) and Flanagan, Davis & Overmann (1950) 
amongst others. There has, however, been no direct demonstration of the 
intrarenal effects of aldosterone under conditions which exclude the 
3 possibility of extra-renal effects. The nearest approach to such conditions 

| is found in the work of Barger, Berlin & Tulenka (1958) and of Ganong, 
| Mulrow & Hollinger (1957). Barger and his collaborators studied the effect 
of infusions of aldosterone into the left renal artery of the dog. Uni- 
lateral effects were observed in some of their experiments, but these were 
preceded by a long latent period, and no observations were made of the 
effect of their infusions on the concentrations of electrolytes in plasma. 
Ganong and his colleagues used larger doses of aldosterone and were 
unable to show that the kidney which received the intra-arterial injection of 
hormoneresponded either more markedly or more rapidly than did the other. 

The object of our experiments was therefore to study the renal actions 
of aldosterone in kidneys perfused with blood and isolated from all nervous 
and hormonal continuity with the animal body. 


METHODS 


The cats used were of male, female or neuter sex and weighed from 1-3 to 4-6 kg. Young 
animals were commonly selected to provide the heart—lung-kidney preparations and the 
older animals were used as blood donors. Only lactating females or those in advanced stage 
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of pregnancy were judged unsuitable for use. In all but two experiments the kidney and the 
heart-lung preparation were taken from the same cat (Lockett, 1959). 

Anaesthesia was induced in the heart-lung and blood-donor cats with a mixture of ether 
and chloroform (1:4 (v/v)) and was maintained in sixteen experiments by the intravenous 
injection of 8-0 ml. 1% chloralose in 0-9% NaCl per kilogram. In all other experiments 
anaesthesia was induced with the same mixture of chloroform and ether, but the animals 
were then all made ‘spinal’ by passing a blunt rod upwards through the foramen magnum to 
destroy the medulla, pons, mid-brain and thalamus. This procedure tears the pituitary stalk. 

Each experiment began with the collection of heparinized blood (heparin 1500 u. /100 ml. 
blood) for the perfusion circuits from donor cats. Most commonly approximately half of this 
blood was stored at 7° C during the night and next day until the heart-lung-kidney prepa- 
ration was made. The first step in this preparation was the cannulation of the left ureter 
with No. 46 polythene tubing inserted into the renal pelvis through the upper 1-2 em of the 
ureter. Next, the kidney was mobilized by ligature and section of any branches of the renal 
artery or vein which supplied extra-renal tissue and of any small vessels making anasto- 
mosis through the renal capsule. Then the aorta and inferior vena cava were prepared for 
cannulation. All branches except those to and from the left kidney were divided between 
ligatures from a point 0-5 cm above to 3-0 cm below the left renal branches. Finally, loose 
ligatures were placed around the abdominal aorta and the inferior vena cava to assist in 
the very rapid cannulation of these vessels later in the experiment. A heart-lung prepa- 
ration was then made in the same cat (Lockett, 1957). Immediately after the external 
circuit of the heart-lung preparation had been established by ligature of the third part of 
the aortic arch and the inferior vena cava in the thorax, the abdominal aorta and cava were 
ligated above and cazinulated below the origins of the left renal vessels. Then the kidney was 
swiftly freed by appropriate sections in the ureter, aorta and cava and was perfused through 
a branch in the external circuit of the heart-lung preparation which arose from a point 5 cm 
below the peripheral resistance, between it and the brachiocephalic cannula. The renal 
venous blood was returned by gravity through a 2mm wide polythene tube to the heart-lung 
reservoir (Fig. 1). Perfusion of the kidney had begun within 3 min of the ligation of the 
thoracic aorta which rendered it ischaemic. The preparation was completed in 1-2 hr, 
according to the time taken for the ureteric cannulation. 

There were five types of experiment: 

Group I (14 expts.). Anaesthesia was maintained by chloralose, as described above, during 
the bleeding of the cats and the making of the heart—lung-kidney preparation. 

Group II (2 expts.). Anaesthesia as in Group I, but the bleeding of the donor cats was 
preceded by ligature of the brachiocephalic and left subclavian arteries and was thus effected 
without there being a circulation through the head. 

Group III (5 expts.). After the induction of anaesthesia with chloroform and ether the 
animals were made spinal as described above after the ligation of the brachiocephalic and 
left subclavian arteries. Bleeding of the donors and the heart-lung-kidney preparation was 
thus effected without a circulation through the head. 

Group IV (4 expts.). These were prepared as in Group III, except that the brachiocephalic 
and subclavian arteries were not tied. At the most, the carotid arteries were only temporarily 
occluded for the moment of spinalization. There was therefore circulation in the head during 
the bleeding of donors and during the operative preparation. 

Group V (4 expts.). The preparations were made under chloralose anaesthesia as in Group I, 
but the hypophyses were removed from both donor and heart—lung-kidney cats immediately 
the chloralose had been administered. 


Hypophysectomy was begun by the exposure and trephining of the right temporal bone. 
Then the right side of the vault of the cranium was removed with nibbling forceps, and 
bleeding from the bone and sinuses was arrested by gentle pressure and bone-wax substitute. 
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Next the dura was opened to expose the brain and the temporal lobe was lifted so that the 
optic chiasma and the hypophysis could be seen clearly. The latter was removed with forceps 
and the resultant bleeding was stopped by gentle pressure before the temporal lobe was 
lowered into its normal position. Ten minutes later, blood donors were bled from a carotid 
artery or the operative procedure was begun. 

The temperature of the blood and of the kidney chamber varied from 36 to 38° C and the 
arterial pressure from 126 to 138 mm Hg on different occasions, but these remained constant 
throughout each experiment. Urine was collected during measured serial periods of time; 
blood samples were taken at the mid points of these periods from the blood returning to the 

‘reservoir through the peripheral resistance (Fig. 1), and were therefore specimens of the 


H 
Fig. 1. Diagram of the circuit used to perfuse the kidney from a heart-lung 
preparation. A Aorta, BC brachiocephalic cannula, BR blood reservoir, F filter, 
H heart, K kidney, L.lungs, PR peripheral resistance, RA renal arterial cannula, 
RV renal vein, SC superior caval cannula, UC ureteric cannula. 


arterial blood supplying the kidney. Hormones were added to the blood in the reservoir 
1 min before the end of a period of urine collection. Renal blood flow was measured directly 
by collecting the venous return from the kidney into a measuring cylinder for a period of . 
time determined by stopwatch. 

Creatinine (British Drug Houses, Ltd) was mixed with the blood before the perfusion 
circuit was filled. Protein-free filtrates of plasma were prepared by the modified tungstate 
method of Folin & Wu (Smith, 1956) and concentrations of creatinine were estimated both 
in these filtrates and in urine by the method of Brod & Sirota (1948). The concentration of 
chloride ions in the urine was determined by the micromethod of Brun (1949) and of sodium 
and potassium in plasma and urine by means of an EEL flame photometer. 
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The pL-aldosterone monacetate used was a gift from Ciba Laboratories, Ltd. Synthetic 
oxytocin (Syntocinon; Sandoz Products, Ltd), natural oxytocin (Pitocin; Parke, Davis, 
Ltd) and natural vasopressin (Pitressin; Parke, Davis, Ltd) were obtained commercially. 


RESULTS 
The renal blood flow (RBF) always increased, sometimes fourfold, in the 
first 20-60 min of an experiment, to reach a plateau level (Fig. 2). The 
minute volume of urine also increased, becoming constant with or before 
the RBF in the presence of chloralose (Fig. 2) and with or after the RBF 
in its absence. This plateau was maintained without great change for 
several hours (Fig. 2) and during this time the actions of hormones were 
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Fig. 2. Renal blood flow, urine volume, and concentrations of sodium and 
potassium in urine of a kidney perfused without addition of hormones. Kidney 
weight 7-4 g; an experiment of Group I. 


tested. Table 1 shows the values reached in the early stage of the plateau — 


’ by preparations of the various groups (see above). The effect of aldosterone 


on renal function depended on the manner of the preparation, but was 
never accompanied by change in the electrolyte concentrations of plasma. 


Actions of aldosterone in experiments of Group I and Group IV 
In each case blood was passing through the head during bleeding of the 
donor animal and until the heart-lung preparation was made; in Group IV 
the animals were spinal and in Group I under chloralose anaesthesia. 
Figure 3 shows the typical result in an experiment of Group IV. Fifty 
minutes after the experiment began, when the RBF and the rate of urine — 
excretion had reached the plateau, 0-5 ug DL-aldosterone monoacetate was 


added to the blood in the reservoir to mix with 150 ml. of circulating blood. 
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After a latent period, which varied from 3 to 5 min in different: experi- 
ments, the RBF increased to reach a maximum in 10-15 min. Reduction 
in the minute volume and in the concentrations of sodium and chloride in 
the urine became apparent in the first 15 min after the addition of aldo- 
sterone and reached a maximum in the subsequent period of urine collec- 
tion. The concentration of potassium in the urine either fell slightly, as in 


Taste 1. Comparison of the function of kidneys perfused with blood from chloralosed, 
spinal and hypophysectomized (chloralosed) cats, in the absence of added hormone: 
mean +8.£. of mean, no. of expts. in brackets 


Kidney Renal Urinary excretion (wequiv/min) 
weight blood flow G.F.R. A 
Type (g) (ml./min) (ml./min) Na* K+ Cl- 
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_ Fig. 3. Effect in an experiment of Group III of aldosterone 0-5 yg at arrow. 


this experiment, or remained unchanged ; there was always a reduction in 
the output of potassium ions per minute. In Fig. 3 there was recovery in 
the composition of the urine in parallel with that in the RBF. More often, 
however, changes in the RBF have been outlasted by those in the compo- 
sition of the urine. 

The chloralosed preparations were relatively insensitive to aldosterone, 
so that the doses used in experiments of Group I were five to ten times 
those in Group IV. The changes induced in renal function were, however, 
similar in the two groups of experiments. 
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Figure 4 presents results from an experiment of Group I which shows 
that a second dose of aldosterone may produce a recognizable effect when 
the effects of the first dose have not disappeared. Usually about 5-10 pg 
aldosterone produced maximal changes. There were in this experiment 
rather transient increases in glomerular filtration rate after each addition 
of aldosterone; this was a common but not a constant finding. Some 
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Fig. 4. Effect i in an experiment of Group IV of aldosterone 2-5 yg at first arrow, 
5 wg at second, From 110 min the kidney was perfused with blood to which no . 
hormone had been added. 


recovery in RBF, the minute volume and the concentrations of sodium 
and chloride of urine was observed 10 min after circulation of fresh blood 
to which no hormone had been added. 


Effects of aldosterone in experiments of Groups II and III 
These were experiments in which cats were used with the head circu- 
lation excluded during bleeding or preparation. The cats of Group II were 
under chloralose anaesthesia, those of Group III were spinal. Figure 5 
shows the effect of aldosterone in a Group III preparation. There was an 
increase in RBF in this and in all other experiments. Transient increases in 
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creatinine clearance were seen in three experiments out of five. The minute 
volume of urine always increased. Although there was decrease in the 


concentrations of sodium and chloride in the urine after aldosterone, the 


diuresis was usually enough to increase the amount of these ions lost per 
minute. The concentration of potassium in the urine often increased, as in 
Fig. 5, but sometimes remained unchanged. This diuretic response to 
aldosterone accompanied by increase in the rate of potassium excretion 
was characteristic of all experiments of Groups II and III, in which the 
circulation through the head was excluded during collection of the blood 
and the operative preparation. It was not solely a response to an initial 
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_ Fig. 5. Effect in an experiment of Group III of aldosterone 5 yg at arrow. 


dose of aldosterone, nor to a critical concentration of aldosterone, for it 
remained apparent throughout the 5 hr of an experiment in which the 
concentration of circulating aldosterone was steadily raised by the addition 
of 2-5-5 ug aldosterone monacetate to 160 ml. of circulating blood at 
intervals of 20-40 min. 

The response typical of experiments in Groups II and III (Fig. 5) could 
be converted to that of experiments belonging to Groups I and IV (Figs. 3 


and 4) by oxytocin, as is shown in Fig. 6. The first response to DL-aldo- | 


sterone monoacetate 2 g/150 ml. blood produced an increase in the minute 
volume of urine and in potassium excretion.. However, after the addition 
of 4 m-u. Syntocinon to the circulating 150 ml. of blood, 2 wg aldosterone 
monacetate caused reduction in the minute volume of urine and in the 
amount of potassium excreted per minute. In other words, the effect of 
aldosterone on the kidney perfused with blood that had not recently circu- 
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lated through the head was converted, by the addition of oxytocin, to ‘on 
action of aldosterone typical of this hormone on kidneys perfused with 
blood which had recently circulated through the head. The naturally 
occurring oxytocin, Pitocin, was as effective as the synthetic preparation 
in this respect. | 
Effects of aldosterone in experiments of Group V 

Four experiments were made in which the kidney from a cat hypo- 

physectomized under chloralose anaesthesia was perfused with blood 
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Fig. 6. Effect in an experiment of Group III of aldosterone, 2 yg at first and third 
arrows, and its modification by oxytocin 4 m-u. at second arrow. 


collected from other cats which had been hypophysectomized under 
_chloralose shortly before being bled. In every case the addition of 2-7 yg 
aldosterone monoacetate to 150 ml. of circuit blood caused an increase in 
-BF, a diuresis and decrease in the concentrations of sodium and chloride - 
with increase or little change in that of potassium in the urine (Fig. 7). 
The response was like that in preparations of Groups IT and III, which 
were made without a circulation through the head (Fig. 5). Moreover, 
synthetic oxytocin 10 m-u./150 ml. blood converted this diuretic action of 
aldosterone to one of antidiuresis accompanied by potassium retention, 
characteristic of the action of this hormone in preparations made in the 
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presence of a circulation through the head (Groups I and IV, Figs. 3 and 4). 
This conversion could also be effected by 50 m-u. of vasopressin, as was 
well shown by the experiment in Fig. 8, in which the circuit blood was 
divided into two portions. One part was used for the study of the effect of 
vasopressin on the responses of the preparation of aldosterone. The blood 
used for this part of the experiment was then replaced by the second portion 
of the same blood, and later, when the kidney was fully acclimatized to the 
change, examination was made of the effect of oxytocin. After 5 m-u. of 
as aldosterone produced antidiuretic effect. 
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Fig. 7. Effect in an experiment of Group V of aldosterone 7 yg at first and third 
arrows, and its modification by oxytocin 10 m-u. at sécond arrow, 


Actions of oxytocin and vasopressin ; 
The actions of oxytocin and vasopressin alone have also been investi- 
gated. It should be noted that the heart-lung-kidney preparations in 
which the effects of the neurohypophysial hormones were studied had 
already been used for investigation of the actions of aldosterone, and that 
the long-lasting changes induced in the concentrations of urinary electro- 
lytes by the adrenal hormone had only rarely been fully reversed when the 


pituitary hormones were administered. 


Oxytocin. Since oxytocin has been shown to be released during haemor- 
rhage in rats (Ginsburg & Brown, 1957) the direct actions of oxytocin on 
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the kidney were examined only in preparations of Groups II, III and V, 
in which the initial concentrations of oxytocin were probably low. Oxy- 
tocin (4-25 m-u.) added to 150 ml. of such blood increased the RBF and 
the clearance of creatinine but failed to influence either the concentrations 
of electrolytes or the minute volume of urine (Table 2 and Fig. 9). There 
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Fig. 8. Effect in an experiment of Group V of aldosterone 7 yg at first, third and 

fifth arrows, and its modification by vasopressin 50 m-u. at second arrow. The 

kidney was perfused with fresh blood at 120 min. At fourth arrow, oxytocin 5 m-u. 
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was no apparent difference in the effect of these concentrations of oxytocin 
in the presence and absence of chloralose anaesthesia. 

Vasopressin. In preparations of Group III (spinal, without a head 
circulation) small doses of vasopressin produced decrease in urine flow, 


TaBie 2. Effect of oxytocin on the isolated perfused cat kidney 


Oxytocin 3 Nat 
Type of (m-u./ Urine G.F.R. (wequiv/ (pequiv/ 
preparation 150 ml.) (min vol) (ml./min) (ml./min) min) min) 
Group III 4 0-016 14-4 1-63 — 93-0 5-1 
0-017 19-0 1-69 98-0 3-4* 
- Group III 20 0-056 28-0 2-20 57-0 3-0 
0-060 33-5 2-59 65-0 3-3* 
Group IT 0-36 ‘46-0 2-41 37:5 6-5 
0-36 48-0 3-00 6-9* 
Group V we 0-66 35-2 3-14 87-5 6-8 
0-76 42-4 3-62 89-2 6-9* 
Group V 5 0-13 32-8 1-40 20-7 3-7 
0-14 36-6 1-70 21-8 3°7* 
Group V 10 0-22 20-4 3°17 40-2 7:3 
24-0 3-49 40-8 
Group IT 25 0-17 26-4. 1-60 20-4 
0-18 30-6 1-93 22:5 4-6* 


* In an observation period of 20-30 min after oxytocin had been added to the circulating 
blood. 


TaBLE 3. The effect of chloralose anaesthesia on the sensitivity of 
the kidney to antidiuretic hormone 


Vasopressin Urinary electrolytes 
for threshold (wequiv/min) 
Type of effect Vol. urine RBF r ti 
preparation (m-u./150 ml.)  (ml./min) (ml. /min) Nat K+ Cl- 
Group II 4 0-032 16-2 50 2-0 56 
0-037 16-2 - 60 2-0 58* 
Group II 20 0-014 28-0 14 2-0 15 
0-016 30-0 16. 2-3 18* 
Group V 8 0-050 22-6 60 14 73 
0-035 22-6 50 1-0 65* 
Group V 10 0-040 21-8 12 1-1 — 
0-060 21-8 23 1-2 —* 
Group V 10 0-025 24-0 24 1-2 27 
0-040 23-5 26 1-4 31* 
(wu./150 ml.) 
Group III 20 0-36 24-4 106 9-5 — 
0:20 24-4 95 4-6 —* 
Group III 20 - 031 20-0 37 3-0 38 
0-28 . 21-0 35 3-0 36* 
Group III 25 0-24 22-6 62 2-8 65 
0-18 23-0 60 3-0 62* 


* After vasopressin had been added to the circulating blood. 
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20-25 pu./150 ml. blood evoking threshold effect (Table 3). In the 
presence of chloralose anaesthesia in preparations of Groups V and II 
much larger doses failed to produce antidiuresis (Table 3). Chloralose 
anaesthesia therefore very greatly reduced the sensitivity of the kidney to 
vasopressin. 

DISCUSSION 


The classical effect of aldosterone in the intact animal is one of sodium 
retention and potassium loss (Mach, Fabre, Duckert, Borth & Decommun, 
1954). It has not been possible to demonstrate this on the isolated kidney 
in any of the selected groups of experimental circumstances. In experi- 
ments of Groups I and IV, in which the blood was drawn and the prepara- 
tion made whilst blood circulated through the head, aldosterone caused 


TaBLE 4. Changes induced by aldosterone in the excretion of sodium and potassium by the 
isolated perfused cat kidney: mean +8.. of mean, no. of expts. in brackets 
Percentage change i in urinary electrolytes 


Aldosterone Aneuis excreted per minute Concentration per litre : 
Type of ml. - A 


preparation Na K Na K 
Group I 10 —53+3-5 (4) —344+5-2 (4) ~—18+3-9 (4) -—11+3-3 (4) 
5 —37+3-0 (4) -—37+4-8(4) ~23+6-5(4) (4) 
Group ITI 2 36+ 7-1 (4) 52+9-8 (4) —21+7-9 (4) 17+4-7 (4) 
Group IV 2 —30+9-0 (3) —44+3-5(3) -—20+1-1(3) —22+6-8 (3) 
Group V 7 3+1-1 (4) 39+5-3 (4) —9+1-2 (3) 21+3-7 (3) 


Only data derived from renal responses to the first addition of hormone to the — 
blood have been used in the compilation of this table. 3 


antidiuresis and reduction in the rate of excretion of both sodium and 
potassium. When the head was excluded from the circulation (Group IIT) 
or the hypophysis was removed (Group V) before bleeding and preparation, 
aldosterone caused diuresis and increased the rate of excretion of both 
potassium and sodium (Table 4). The difference in the action of aldosterone 
in Groups I and IV on the one hand and Groups II, III, and V on the other 
is most probably to be attributed to differences in the concentrations of 
an oxytocin-like substance present, since the response given by preparations 
of Groups III and V was regularly converted to that characteristic of Groups 
I and IV by the addition of oxytocin to the circulating blood. The nearest 
approach to the action of aldosterone in the whole animal was seen in 
preparations of Groups III and V. In these the hormone caused a fall in the 
sodium and a rise in the potassium concentrations of the urine (Table 4) but 
this was accompanied by diuresis. No such diuresis accompanies the action 
of physiological doses of aldosterone in the intact cat oes dea ie obser- 
vations). 

Chloralose failed to alter the sensitivity of the isolated kidney to 


44 
4 q 
= 


218 M.J. DAVEY AND MARY F. LOCKETT 


oxytocin (Table 2), caused some decrease in sensitivity to aldosterone with- 
out effecting qualitative change in the actions of this hormone (Table 4) 
and grossly decreased renal sensitivity to vasopressin (Table 3). It may 
therefore be concluded that chloralose, in the concentrations used, had 
little effect on the renal blood vessels, only slightly depressed the active 
_ reabsorption of sodium and potassium excretion, but profoundly inhibited 
the facultative reabsorption of water in the distal nephron by preventing 
those changes in cellular permeability to water brought about by vaso- 
pressin (Wirz, 1953). 


SUMMARY 


1, The actions of pi-aldosterone monoacetate 0-5-10 yg/150 ml. of 
- circulating blood have been examined in cats’ kidneys perfused from 
heart-lung preparations. 

2. If either in spinal cats or under chloralose anaesthesia blood was 
circulating through the head during the operative preparation of the 
heart—lung—kidney preparation and during collection of the blood for the 
circuit, aldosterone caused an increase in renal blood flow, decrease in the 
urine volume, and decreases in the urinary concentrations of Na, K, Cl. 

3. If either in spinal cats or under chloralose anaesthesia the circulation 
through the head was excluded during the bleeding and operative prepa- 
ration, aldosterone caused an increase in renal blood flow, an increase in 
the urine volume, little change in K and decreases in Na and Cl concen- . 
trations in the urine. In consequence there was an increase in Na and Cl 
excretion, and a smaller increase in K excretion. Aldosterone “er a 
similar effect when hypophysectomized animals were used. 

4, The effect of aldosterone was changed from that in (3) to that in (2) 
above by oxytocin 10 m-u./150 ml. blood. Vasopressin was less effective. 

5. Oxytocin (1-20 m-u./150 ml. blood) did not alter the volume or 
electrolyte composition of the urine. 

6. Chloralose reduced the sensitivity of the Litt to vasopressin. In 
the absence of chloralose vasopressin (15-20 yu./150 ml.) reduced urine 
flow ; in the presence of chloralose, 4-20 m-u. had no effect. There was no 
effect on electrolyte excretion. | 

7. Chloralose made the kidneys only slightly less sensitive to aldo- 
sterone and did not influence the character of the response. 


This work was undertaken whilst one of us, M.J.D., was receiving a grant for personal 
maintenance from the Pharmaceutical Society of Great Britain for Training in Research. 


& 
‘ 
i 
ig 
x 


ALDOSTERONE ON ISOLATED KIDNEYS 219 


REFERENCES 


BARGER, C., BERLIN, R. D. & TULENKA, J. F. (1958). Infusion of aldosterone, 9-«-fluoro- 
hydrocortisone and antidiuretic hormone into the renal artery of normal and adrenal- 
ectomized dogs: effect on electrolyte and water excretion. Endocrinology, 62, 804-815. 

Brop, J. & Srrota, J. H. (1948). The renal clearance of endogenous ‘creatinine’ in man. 
J. clin. Invest. 27, 645-654. 

Brun, C. (1949). Klorbestemmelse. En Mikrometode. Nord. Med. 42, 1774-1776. 

FLANAGAN, J. B., Davis, A. K. & Overmann, R. R. (1950). Mechanism of extracellular 
sodium and chloride depletion in the adrenalectomized dog. Amer. J. Physiol. 166, 
89-102. 

Ganone, W. F., Mutrow, P. J. & Hotiineer, G. W. (1957). Sodium and potassium excre- 
tion after injection of aldosterone into the renal artery. Fed. Proc. 16, 44. 

GinssurG, M. & Brown, L. M. (1957). The effects of haemorrhage and plasma hyper- 
tonicity on the neurohypophysis. In The Neurohypophysis, pp. 109-123. Eighth Sym- 
a of the Colston Research Society, ed. H. Keller. London: Butterworths’ Scientific 
Publications. 


Lockett, M. F. (1957). The transmitter released by stimulation of the bronchial sym- 
pathetic nerves in the cat. Brit. J. Pharmacol. 12, 86-96. : 


Lockett, M. F. (1959). Heart—lung—kidney preparations from cats. J. Physiol. 145, 16P. 


Macz, R. 8., Fasre, J., Duckert, A., Bortu, R. & Decommoun, P. (1954). Action clinique 
et métabolique d’aldosterone (electrocortine). Schweiz. Med. Wschr. 84, 407-415. 


Smrru, H. W. (1956). Principles of Renal Physiology, pp. 206-207. Oxford University Press. 


Wuson, D. L. (1957). Direct effects of adrenal cortical steroids on the electrolyte content of 
rabbit leucocytes. Amer. J. Physiol. 190, 104-108. 


Wirz, H. (1953). Der osmotische Druck des Blutes in der Nierenpapille. Helv. phystol. acta, 


t 
5 
4 
4 
Le 
? 
3 


220 } J. Physiol. (1960), 152, pp. 220-235 
With 7 text-figures 
Printed in Great Britain 


INNERVATION AND ACTIVITY OF A MOLLUSCAN 
SMOOTH MUSCLE 


By BETTY M. TWAROG 


From The Biological Laboratories, Harvard University, 
Cambridge 38, Mass., U.S.A. 


(Received 11 November 1959) 


The anterior byssal retractor muscle of Mytilus edulis, L. is capable of 
two types of contraction, a brief contraction which persists only during 
stimulation and a prolonged contraction which continues long after 
stimulation has ceased. The mechanism by which the prolonged contraction 
is maintained is in question. It has been suggested that a ‘catch’ mechan- 
ism operates, as originally suggested by von Uexkiill (1912), wherein a 
prolonged state of resistance to stretch is instituted, which does not 
_ depend on continuing re-excitation as in a tetanus. Supporting a catch 
mechanism are observations of continued contraction in the absence of 
the electrical potentials and membrane depolarization which accompanied 
tension development (Fletcher, 19376; Twarog, 1954). It has also been 
suggested that contraction is maintained by repeated re-excitation at 
intervals appropriate to the slow rate of relaxation of single twitches in 
this muscle, i.e. that it is a tetanus (Hoyle & Lowy, 1956; Abbott & Lowy, 
1958), With high amplification Hoyle and Lowy observed electrical poten- 
tials during sustained contraction. These potentials seemed to originate 
locally at many points along the muscle. Increase in their frequency 
appeared to be correlated with tension maintenance. Relaxation generally 
coincided with decreased small potential frequency. It was concluded 
that the small potentials represented highly localized excitatory activity, 
possibly myogenic but probably initiated via an intramuscular ganglionic 
plexus (Hoyle, 1957). Relaxation was attributed to inhibition of the excita- 
tory activity. In explanation of instances where electrical activity was not 
reduced during relaxation, Hoyle & Lowy (1956) suggested that, because 
of the localized nature of the potentials, activity at the electrodes repre- 
sented an insignificant number of active units in an otherwise quiescent 
muscle. It was also considered that relaxation could involve simple 
inhibition, as in crustacea (Marmont & Wiersma, 1938). 

In the present study electrical activity was recorded simultaneously at 
many points along the length of the muscle during rest, tension develop- 
ment, tension maintenance and relaxation. The gross innervation of the 
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byssus retractor muscle was traced morphologically and physiologically. 
A nerve-muscle preparation was developed and electrical and mechanical 
responses to neural stimulation observed. The origin and distribution of 
both high- and low-voltage electrical potentials was studied. 


METHODS 


Anterior byssal retractor muscles of large specimens of Mytilus edulis L. were dissected 
and prepared for recording tension and electrical activity ir various ways as explained 
individually in the Results section. For recording tension the muscle was attached to a 
strain gauge. A 5-10 g weight kept the muscle under constant stretch during the experiment. 
While contraction was not strictly isometric, shortening was limited to approximately 2 mm 
by the transducer. Recording electrodes consisted of chlorided silver wire mounted in 
polyethylene tubes filled with sea water. Cotton wicks made contact with the muscle. For 
stimulation the cut nerves were pulled by suction into a finely tapered polyethylene tube 
filled with sea water, in contact with a chlorided silver wire. A second chlorided silver 
electrode passed around the nerve just outside the orifice of the tube. The nerves which 
were stimulated are very small and lie close to the muscle; with the suction electrode excel- 
lent localization of current flow was obtained. : 

For two-channel recording, a Grass Model 5-Polygraph was used. The output of an FT- 
02 force-displacement transducer was led to a Grass 5-Pl low-level DC pre-amplifier and 
finally displayed on one channel of the ink-writing oscillograph. Recording electrodes were 
led directly to a 5-Pl low-level DC pre-amplifier and electrical activity displayed on the 
second channel of the ink-writer. Maximum sensitivity was 10 .V/cm deflexion; frequency 
response was linear between 0 and 45 c/s, falling to 1/2 at 60c/s. The pre-amplifier was also 
used capacitor-coupled, with a time constant of 0-8 or 0-1 sec. : 

For multichannel recording a Grass Model III eight-channel electr phalograph was 


used. The output of the transducer was in this case led to a Grass Model 2 balance demodu- 


lator installed in the eighth channel. The electrodes were led to the e.e.g. through alternate- 
coupled amplifiers. Maximum sensitivity was 10 .V/cm deflexion, the frequency response 
was linear from 0-5 to 75 c/s, falling to 1/2 at 100 c/s. 

The rapid asynchronous potentials observed by Hoyle & Lowy (1956) were 20-60 msec 
in duration, well within the range of linear frequency response of both electroencephalo- 
graph and polygraph. While single nerve action potentials could not be recorded adequately 
by these instruments, the most rapid spike potentials known in smooth muscle cells (8- 
15 msec in intracellular recordings by Holman, 1958) would have been detected by the 


RESULTS 
Nerve supply: morphological and physiological tracing 

Although the brightly coloured (yellow-orange) pedal and cerebral 
ganglia are easily seen in the living Mytilus, nerves are very slender and 
are nearly of the same colour as the muscle. Selective staining with leuco- 
methylene blue (Pantin, 1948) proved successful. Even more useful was 
the simple method of exposing the ganglia and nerve trunks, then adding 
10% HNO, in sea water as the dissection progressed. Although the 
tissue became more difficult to dissect cleanly, the gleaming white colour 
of the nerves freshly treated with HNO, greatly simplified tracing them. 
Results of this study are shown in Fig. 1. It was possible to follow the 
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two branches of the visceral nerve into the dorsal and ventral bundles, 
respectively, of the anterior byssus retractor muscle. The major nerves 
leading from the cerebral and pedal ganglia were traced and did not seem 
to penetrate the muscle at any point. These observations are at variance 
with studies on European Mytilus edulis, L. by Van Nieuwenhoven (1947), 
who found that the ventral byssus retractor nerves sent branches into the 
anterior retractor muscles at the byssal end, and by Hoyle & Lowy 
(1956) who stated that the muscle is innervated 3 mm from the byssal end. 
However, the innervation described in the present study coincides with 
the description by List (1902) of the innervation of the anterior byssal 
retractors of Mytilus galloprovincialis, a closely related species. 


Shell 


Cerebral 
gangiion 


Cerebropedal- 
cerebrovisceral fa 
connective 


bs | Visceral nerve 
Visceral connective 
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connective -—Visceral nerve 


Pedal ganglion 


Pedal nerve 
Ventral byssus 
retractor nerve 


Dorsal byssus 
retractor nerve 
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Fig. 1. The anterior byssal retractor muscle of Mytilus edulis L., dorsal aspect. 
Associated ganglia and gross innervation. 


Lack of agreement as to the innervation of the muscle made a physio- 
logical study desirable. The problem was first approached by suspending 
the muscle (cleaned from ganglia and large nerve trunks) in a moist 
chamber, and recording tension. Closely spaced (4 mm) silver-silver- 
chloride electrodes were moved over the muscle surface. Stimuli of 
suprathreshold voltages, 20 msec in duration, were applied for 5 sec at a 
frequency of 5/sec, at various distances from the end of the muscle. With 
electrodes within a centimetre of each end of the muscle tension develop- 
_Ment was minimal, while with electrodes in the mid region the response 

rose sharply to a maximum. The region of maximum response involved 
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an area of about } to } of the total muscle length. A similar experiment 
was performed with 2 mm squares of Whatman No. 1 filter paper soaked 
in 10-*m acetylcholine, which were placed on the muscle for 2 min. 

Tension development was minimal when the acetylcholine was applied 
at either end of the muscle. The maximal response in the mid region was 
not so sharply delimited as with electrical stimulation. Possibly diffusion 
prevented true localization of the stimulus. A series of muscles were 


‘compared before and after eserinization and soaking in acetylcholine. The 


muscles were suspended in air and the potential difference measured be- 
tween the byssal end and points along the muscle. The maximum potential 
difference recorded was 2mV, a 1 mV difference being more common. 
In 8 out of 12 experiments a region of maximum depolarization occupied 
the central third of the muscle. In the other experiments the depolariza- 
tion was more evenly distributed. 

These experiments indicated that low thresholds for both electrical and 


chemical excitation exist in the mid region of this long muscle. The 


results of electrical stimulation differ from observations of Hoyle & Lowy 
(1956) who found consistently low thresholds at the byssal end. | 
Finally, development of the small suction electrode which is described 
in the Methods section permitted nerve tracing by localized electrical | 
stimulation. All nerves associated with the cerebral and pedal ganglia 
could be exposed, individually stimulated, then divided and the stumps 
both proximal and distal to the ganglia again individually stimulated. 
The animal was opened by cutting the adductor muscles and held open 
by a wire device. One shell was held in a femur clamp and the anterior 
byssal retractor muscle on that side was isolated at the byssal end from 
the other byssal muscles (all cuts were made well posterior and lateral to 
the insertion of the muscle). The free byssal end was connected to the right- 
angle lever for tension recording. Results are summarized in Table 1. 
These results suggest that the excitatory innervation of the anterior 
byssal retractors comes entirely from the cerebropedal connective between 
the pedal ganglion and the branching of the visceral connective, probably 
through the visceral nerves. Apparently excitor fibres from the cerebral 
ganglion and the pedal and ventral byssus retractor nerves pass through 
the pedal ganglion to the visceral nerves or make synapses in the pedal 
ganglion with neurones which enter through the visceral nerves. 


Responses to newral stimulation ; a nerve~muscle preparation 


On the basis of the nerve tracing, a nerve-muscle preparation was 
developed. The cerebral ganglion was removed and the cerebropedal- 
cerebrovisceral connective divided near a (Fig. 1). All nerves to the 


the cerebropedal connective were cut. The pedal 
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ganglion was lifted and the attached cerebropedal connective was freed 
at its posterior end from surrounding connective tissue. Adhering tissues 
were removed, except in the region of the innervation since it was very 

difficult to avoid damage when exposing the visceral nerves. The muscle 
was suspended for recording. The cerebropedal connective was then 
divided at its juncture with the pedal ganglion and the large resulting 
contraction observed. If there was no contraction, the preparation was 


assumed to be injured and was discarded. Histological studies (List, » 


TABLE | 
Pedal and 
cerebral Cerebral ~ Visceral 
ganglion ganglion ion nerves 
Stimulate : intact removed removed divided* 
Cerebral ganglion (+) 0 _ 
Ce eb ( +) ( +) 0 
visceral connective 
Visceral connective 0 0 0 _ 
Cerebropedal connective 
(Divided at b) 
Proximal segment (+) _ = 0 
Distal segment 0 0 
(Divided at c) 
Proximal segment 0. _ _ 0 
Distal segment ++ + + 0 
Pedal ganglion ++ ++ _ 0 
Pedal nerve (divided at d) 
Proxi segment ++ ~ 0 2. 
Distal segment. 0 
Ventral byssal retractor | 
nerve (divided at e) 
Proximal segment ++ _ 0 me 
Distal segment om 
Dorsal byssal retractor 0 _ + ae 
nerve 


* Visceral nerves were divided in only three experiments as these were very difficult to 


(+) Weak, unreliable contraction; ++ strong contraction; 0 no — — not 


1902: H. W. Deane & B. M. Twarog, unpublished) have shown that this 
preparation inadvertently included nerve cell bodies in the nerve trunk, 
especially at the branching of the cerebrovisceral and cerebropedal con- 
nectives (near 6 of Fig. 1). The number of cell bodies could have been 
reduced but unfortunately this was realized too late. The free end of the 
cerebropedal connective was pulled into the stimulating electrode, and the 
wick electrodes arranged as shown in the inset of Fig. 2. 

All electrical stimuli, whether brief or prolonged, repetitive or single, 
led to a contraction which relaxed promptly. Only excitation was ob- 
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served, although attempts were made to separate relaxing effects from 
fast and possibly slow contraction by systematically altering the voltage, 
duration and frequency of stimulation. With the pedal ganglion intact 
weak stimuli often resulted in relaxation, as stated by Van Nieuwen- 
hoven (1947) and Hoyle & Lowy (1956) but the effect was not reliable in 
our preparation. | 


| Byssus Shell 
Stimulus: 5-0 V 
Calibration : 0-5 mV 
(9-1 to 9-6) + 
(2-3, 45) 
9-6 
1-0 sec : 
45 
Conduction velocity: 
: 40 cm/sec 


Fig. 2. Electrical, responses to stimulation via the visceral nerves. Inset, stimu- 
lating electrode on cerebropedal connective; recording electrodes spaced along 
muscle. 


In the experiment of Fig. 2, single stimuli were given (5 V, 1 msec 
duration, suction electrode positive) and the electrical response was re- 
corded simultaneously at points along the muscle length. Potentials at 
electrodes 1, 3, 4, 5 and 6 were measured with reference to electrode 9 at 
the byssal end, and were essentially monophasic, while between electrodes 
2 and 3 and 4 and 5 the potentials were diphasically recorded. The diphasic 
records indicate that the impulse travelled from the central region to 
either end, electrode 3 becoming negative to 2 and electrode 4 negative to 6 
(see also Figs. 3 and 4). In the monophasic records the electrical potential 
decreased in amplitude between the mid region and either end of the 
muscle. The largest, most prolonged negativity appeared at the region of 
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nerve entry, at electrode 4. Apparent conduction velocity averaged 
40 cm/sec at 24° C. 


The origin and distribution of small potentials ; correlation with tension 
development and maintenance 

As seen above, development of tension in response to electrical and to 
chemical stimulation was invariably preceded by depolarization, of the 
order of 0-5-5 mV. During rest and maintained tension no depolarizations 
of this magnitude were recorded. Potential changes of a lesser magnitude 
would not be detectable at the amplification used, as pointed out by Hoyle 
& Lowy (1956). Therefore observations were made at increased amplifica- 
tion, using the nerve-muscle preparation exactly as described above, 
except that recording was begun with the pedal ganglion intact and con- 
tinued during and after section of the cerebropedal connective (and total 
removal of the pedal ganglion). Recording continued while the prepara- 
tion was stimulated through the nerve as described above and finally 
after all nervous and connective tissue had been cleaned off. In a few 


_ experiments the muscle was then teased down to a small bundle. As may 


- be seen in the accompanying figures, multichannel records of responses to 
nerve section and neural stimulation were made at low gain, to keep on 
scale, while activity during rest and after nerve section was recorded at 
high gain. High gain was used throughout in the two-channel studies, 
and initial responses were permitted to go off scale. 

Typical results are seen in Fig. 3. Small spike-like electric potentials 
were abundant while the’ pedal ganglion was intact. These potentials 
were very prominent in the first minutes after removing the pedal ganglion 
(Fig. 5a, 6; Fig. 76) but then decreased to a very low level of activity 
(Fig. 3). In the stripped muscle these potentials were detected at low 
frequency. They were very rare or absent.in the teased bundles. As noted 
above, the nerve trunks included in this preparation were not free from 
ganglion cells even after removal of the pedal ganglion. The teased muscle 
bundles were probably free from nerve trunks. Especially to be noted in 
Fig. 3 is the complete absence of localized activity. Although comparison 
of the diphasic channels (2-3 and 5-6), ignoring the monophasic channels, 
might suggest localization, the polarity of the responses which are com- 
mon to these diphasic channels suggests propagation from intervening 
areas. When the monophasic channels are examined, it becomes apparent 
that without exception, activity appearing at the diphasic electrodes is 
represented at the centrally placed monophasic electrodes. The absence of 
localized activity is perhaps more convincing in Fig. 4, where diphasic re- 
_ cordings were made along the length of the muscle. When the shape and 
distribution of these small potentials are compared with the large spike- 


~G 
4 
é 
4 
| 
‘ 
~ 


INNERVATION AND ACTIVITY OF MOLLUSCAN MUSCLE 227 


like potentials produced by neural stimulation, a detailed similarity is 
evident. In Fig. 3 the size of potentials in the monophasic records coupled 
with the size and polarity of potentials in the diphasic records suggests 


1 4 
923 56 
9.2 Pedal genglion intact Pedal ganglion removed 
9-4 
9-5 
9-6 
2-3 
0-1 sec 
10 sec 1-0 mV 


Fig. 3. Spontaneous electrical activity before and after removal of pedal ganglion. 
Upper five channels, monophasic; two diphasic channels below; bottom channel, 
tension. Response to stimulation of cerebropedal connective shown at right. Inset, 
distribution of recording electrodes. 


3-2 
5-4 


Tension 
1:0 mV. 
Ose 0-1 sec 
10 sec 1-0 sec 


Fig. 4. Spontaneous electrical activity in a resting muscle, recorded diphasically. 
Neurally evoked responses, recorded at the same electrodes, at centre and on the 
right. Bottom tracing, tension. Inset, distribution of electrode pairs along muscle. 


that the electrical activity originated near electrode 4 and was conducted 
to either end of the muscle; while in Fig. 4 the polarity reversal between 
electrodes 3 and 4 and either end of the muscle indicates that negativity 
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arose between 3 and 4, probably nearer 3, and was conducted to either 
end. 

Briefly, the presence of Lecniahias electrical activity, as described by 
Hoyle & Lowy (1956), is confirmed. However, the potentials recorded in 
the present study are not localized. As with the large neurally-evoked 
potentials, no potentials appear distally which are not initially represented 
at centrally placed electrodes. The records show that they arise first 
at the point of entry of the nerve supply and diminish in amplitude 


Fig. 5. Electrical activity during and immediately after removal of pedal ganglion 
(PG). Upper five channels, monophasic records, diphasic records below; bottom 
channel, tension. Amplification increased fiftyfold following nerve section. (a) Brief 
contraction. (b) Prolonged contraction. Note similar course of diminution in 
frequency of ‘large’ and ‘small’ potentials. 


distally. The frequency of their occurrence in the ‘resting’ muscle is 
greatest in the presence of the pedal ganglion or after nerve injury. 
Correlation of the frequency and amplitude of these small potentials 
with tension maintenance was difficult. With respect to the contraction / 
evoked by section of the cerebropedal connective (Fig. 5a, b) tension 
development was seen to be associated with a gradually diminishing 
burst of large spike-like potentials. When these potentials became in- 
frequent, a fiftyfold increase in amplification revealed small potentials at 
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a frequency much above the resting level. A close relationship between 
tension and frequency was often seen (Fig. 5b) and comparison of Fig. 5a 
and 6 shows that the absolute activity level was less in the muscle which 
relaxed rapidly. However, examination of a variety of similarly made 
records, of which these are selected as extreme examples, makes it difficult 
to feel certain that the maintained tension level is in any absolute way 
correlated with small potential frequency. In fact, the muscle in Fig. 5a 
relaxed before large-potential activity had ceased. Muscles which contract 
weakly show a similar pattern of discharge. This is quite certainly an 
injury discharge, and it is troubling to consider that in most preparations 
it may only by chance relate to tension maintenance. 3 

Direct examination of this correlation is beset by difficulties. A pro- 
longed contraction, as mentioned above, is not generally obtained by 
neural stimulation. With the pedal ganglion intact small-potential fre- 
quency is fairly high and can be compared before and after electrical stimu- 
lation. Long cathodal stimuli often do not produce sustained contractions 
when the pedal ganglion is present. With the stripped preparation small 
potentials are very infrequent either at rest or after cathodal d.c. (during 
prolonged contraction). 

With acetylcholine, sustained tension is produced whether the pedal 
ganglion is present or not. Furthermore, it is possible to record continu- 
ously the electrical activity before, during, and after application of acetyl- 
choline by using a system such as that shown diagrammatically in Fig. 6. 
The validity of this type of recording depends on the evidence that the 
small potentials are not local, but initiate in the mid region and conduct 


with varying reduction in amplitude to both ends. Activity would ideally 


be recorded with one electrode on a crushed end and the other in contact 
with the site of origin of impulses. With the muscle immersed in a sea- 
water bath, only impulses reaching the sea-water-air interface could be 
recorded. This less ideal method was considered adequate for the experi- 
ment of Fig. 6 where it had the advantage of avoiding artifacts due to 
draining the chamber. The muscle was in air throughout the experiment 
of Fig. 7 to take advantage of the more favourable recording arrangement. 
Control (sea-water) and test solutions were dropped on to the muscle, 
thus creating an artifact which obscured the first stages of the response. 
It should further be noted that distortions were introduced by the use of 
condenser coupling. The muscle in Fig. 6, with the pedal ganglion intact, 
had been treated with a high concentration of 5-hydroxytryptamine 
before applying acetylcholine, in order to emphasize the spiking activity. 
Tension development (judging from preceding records) began just after 
the onset of depolarization, before the large spikes. The electrical responses 
of Fig. 6 were led off in parallel from the same electrodes, through direct- 
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and alternate-coupled amplifiers, respectively. It is readily apparent that 
the slow depolarization is no longer seen, the duration of the negative 
phase of the response is shortened and a diphasic artifact appears as a 
result of condenser coupling. The advantage of being able to record -both 
small and large spikes without going off scale outweighs, for the special 
purpose of these experiments, the disadvantages. However, any detailed 
comparison of the time course or shape of these distorted potentials with 
those of Fletcher (19374, b) is not possible. This applies also to the work of 
Hoyle & Lowy (1956), who made the comparison ee they used con- 
denser coupling very similar to ours. 


Pedal 
ganglion 


scale. 


Direct 


coupled 
Balance 
[o2 mV 


Alternate 
coupl 
G@amp, freq. =1 ¢/s) 


7 
5-HT ACh 
Fig. 6. Electrical activity in 10-‘m 5-HT before and during application of ACh. 
Responses recorded with direct-coupled (upper trace) and capacitor-coupled (lower 
trace) amplification. Note distortions due to capacitor coupling. Note abundant 
‘small’ potentials (ganglion intact). 


Figure 7 shows the effect of acetylcholine and 5-hydroxytryptamine on 
electrical activity and tension: (a) with the pedal ganglion intact, (b) dur- 
ing the first few minutes after removal of the pedal ganglion and (c) in 
the stripped muscle. The somewhat greater frequency of small potentials 
in the presence of acetylcholine was clearly not proportional to tension 
maintenance in any case. In Fig. 7a, the tension developed in the presence 
of acetylcholine was poorly sustained following 5-hydroxytryptamine, 
but small-potential frequency was equally high. Tension was least well 
sustained in the first minutes after nerve section, when small-potential 
activity was prominent. At this time ‘spontaneous’ brief contractions 
were frequent. ‘Spontaneous’ tension development was always preceded 
by large, off-scale depolarizations. In the stripped muscle the tension 
developed was usually doubled for a given dose of acetylcholine (note 
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change in scale) and was sustained better than in preparations with intact 
ganglia. Spike-like potentials were more numerous after 5-hydroxytrypt- 
amine reliably in the case of the off-scale large deflexions, and often in the 


Fig. 7. Electrical activity at mid region of muscle at high amplification, capacitor- 
coupled. Tension; calibrated in arbitrary units, lower trace. ACh and 5-HT 10-’m 
applied as indicated: SW, sea water. (a) Pedal ganglion intact; note ‘small’ poten- 
tial frequencies during contraction, relaxation. (b) Immediately following removal 
of pedal ganglion; note poorly sustained contractions, spontaneous contraction. 
(c) Stripped muscle; note increased tension development (scale changed), well 
maintained contractions, prominence of ‘large’ potentials. 


case of small potentials. The tension developed was roughly in proportion 
to the number of off-scale and nearly off-scale deflexions (particularly 
compare the last contraction of Fig. 7¢ where application of a high con- 
centration of 5-hydroxytryptamine depressed the acetylcholine response). 
However, tension maintenance did not show any clear proportionality 
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to either increase or decrease in frequency of small potentials. High 
concentrations of 5-hydroxytryptamine did not appear to block small 
potential activity in any case (e.g. Fig. 6). 


DISCUSSION 


Excitatory nerves appear to enter exclusively in the mid region of the 
elongate byssal retractor muscle. Electrical activity recorded in this 
study, both small and large potentials, started in the mid region and 
appeared to conduct, with reduction in amplitude, to the ends of the 
muscle. Small-potential frequency was high immediately following 
nerve injury and very low after ganglia and major nerve trunks were 
removed. Both small and large potentials can be considered muscle re- 
sponses to activity of centrally entering nerve fibres. The small potentials 
were probably identical with those observed by Hoyle & Lowy (1956). 
However, since these potentials did not seem to arise at random along the 
entire muscle, physiological evidence for a diffuse intramuscular ganglionic 
plexus is weakened. Micrographs by Bowden & Lowy (1955) were said 
to display intramuscular ganglion cells, forming a plexus around muscle 
fibres outside of nerve trunks. However, no internal structure was seen 
in these micrographs (Bowden, 1958). Abraham & Minker (1957) found no 
evidence of ganglion cells in molluscan adductor muscles. Deane & Twarog 
(1957) reported that characteristic basophilic ganglion cells are not demon- 
strable in the byssus retractor. 

The intramuscular distribution of nerve endings is uncertain. Hoyle 
(1957) considered that Schmandt & Sleator (1955) demonstrated intra- 
muscular conduction via multiterminal nerve fibres running the length of 
the byssus retractor muscle. Schmandt & Sleator had interpreted their 
data as implying true decremental conduction along muscle fibres. The 
apparent conduction velocity of neurally evoked potentials in this study | 
was within the range of nerve conduction velocities reported in Mya 
(Horridge, 1958). However, intramuscular conduction via nerves is far 
from conclusively established. Electrical or chemical stimuli to the mid 
region produce maximum tension. In this same region maximum depolar- 
ization is measured after soaking in acetylcholine. Supposing multi- 
terminal innervation, nerve endings may be more numerous in the mid 
region or the muscle membrane may respond actively only in this region, 
as at the spike-generating sites of the electroplax (Grundfest, 1957). 
Alternatively, nerve endings may be confined to this region. 

The large spike-like potentials resembled muscle action potentials 
described by Fletcher (1937a), Prosser, Curtis & Travis (1951), and 
‘Schmandt & Sleator (1955). Both large and small spike-like potentials 
probably represent an active muscle response which may or may not 
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itself be propagated. While the small potentials may result from excita- 
tion of the muscle by random firing of single nerve fibres originating from 
major nerve trunks, the large potentials probably depend on synchronous 
activation by many nerve fibres. 

Neurally evoked and spontaneous contractions were always preceded 
by large potentials. Bursts of small potentials alone never were associated 
with tension increments. Small-potential frequency was not consistently 
correlated with tension maintenance, nor was relaxation associated with 
alteration in small-potential frequency. With ganglia intact, small-potential 
frequency remained high, even during prolonged soaking in relaxing agents. 
A role of small potentials in sustaining contraction is therefore doubtful. 
Summarizing, the ‘tetanus hypothesis’ appears inadequate. A possible 


alternative is a true catch mechanism for which a molecular basis has 


been suggested recently by Johnson, Kahn & Szent-Gyérgyi (1959). 

When the prolonged phase of contraction was abolished in 5-hydroxy- 
tryptamine, tension development was not blocked but actually increased 
(see Twarog, 1960). This, as well as absence of electrical activity during 
prolonged contraction, suggests independence of the tension-developing 
and tension-maintaining mechanisms. 


SUMMARY 

1. The innervation of the anterior byssal retractor muscle of Mytilus 
edulis, L. was traced. Excitor nerves were found to enter in the mid 
region of this long-fibred smooth muscle. A nerve—muscle preparation is 
described. | 

2. Electrical activity was recorded simultaneously with external 
electrodes placed at six sites along the length of the muscle while tension 
changes were followed. 

3. ‘Large’ spike-like electrical potentials evoked by neural stimulation 
were 0-5—5-0 mV in amplitude and 80-140 msec in duration. These arose 
centrally and appeared distally with a delay corresponding to a conduction 
velocity of 25-50 cm/sec. The amplitude of these potentials decreased 
from the mid region to either end of the muscle. 

4. Development of tension in response to neural and chemical stimuli 
was invariably preceded by ‘large’ potentials or depolarization of 0-5 mV 
or more. During rest and prolonged contraction no ‘large’ potentials were 
observed. : 

5. ‘Small’ spike-like potentials, 10-100 V in amplitude, 60-100 msec in 
duration, were recorded during both rest and prolonged contraction. These 
appeared to be initiated centrally and conducted with loss in amplitude 
to the ends of the muscle. The ‘small’ potentials were not localized; poten- 
tials recorded distally were invariably represented at centrally placed 
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electrodes. The frequency of these potentials was maximal immediately 
following nerve section and regularly decreased as ganglia and nerve trunks 
‘were removed. 

6. Bursts of ‘small’ potentials were never associated with tension 
increments; changes in frequency of ‘small’ potentials displayed no con- 
sistent relationship to tension maintenance. No decrease in frequency 
accompanied relaxation. 

7. It is suggested that both ‘small’ and ‘large’ potentials are muscle 
potentials elicited by nerve fibres entering centrally. Synchronous activity 
as represented by the ‘large’ potentials appeared necessary in tension 
development. ‘Small’ potentials do not appear to play a part in sustaining 
tension. Since no electrical activity correlated with prolonged contraction 
has been detected, tension maintenance by a true ‘catch’ mechanism 
deserves consideration. 


Sincere thanks must be expressed to Professor John H. Welsh at the Biological Labora- 
tories, Harvard University, with whose help and guidance this work was initiated and carried 
out; to Dr Jerome Y. Lettvin, of the Research Laboratory of Electronics, Massachusetts 
Institute of Technology, who suggested the suction electrode and lent generously of critical 
advice and technical facilities; to Professor Alexander Forbes, Harvard University, who 
permitted the author to share the use of his ink-writing oscillograph for over a year, and to 
Dr F. A. Quadfasel and Dr W. J. Friedlander of the Boston Veterans’ Administration 
Hospital, who lent the facilities of their research laboratory, and in particular the 8-channel 

lect ephalograph. This research was carried out during the tenure of a United States 
Public Health Service Research Fellowship of the National Heart Institute. 
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EFFECTS OF ACETYLCHOLINE AND 5-HYDROXYTRYPTAMINE 
ON THE CONTRACTION OF A MOLLUSCAN 
SMOOTH MUSCLE 
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Tension developed by the anterior byssal retractor of Mytilus in response 
to acetylcholine (ACh) decays very slowly after washing off the stimulating 
agent. 5-Hydroxytryptamine (5-HT) does not block tension development 
but relaxes the prolonged contraction. When 5-HT is present, tension is 
maintained only during stimulation (Twarog, 1954; Hoyle & Lowy, 1956). 
Acetylcholine-blocking agents prevent tension development, but even in 
high concentration do not — tension decline in a contracted muscle 
(Twarog, 1959). | 

Acetylcholine and 5-HT have been detected in the byssus retractor by 
bioassay. Cholinesterase activity has been demonstrated (Twarog, 1954). 
Blaschko & Hope (1957) have found monoamine oxidase activity in the 
retractor muscle. Spectrophotofluorometric methods have revealed 5-HT 
in Mytilus ganglia (J. H. Welsh & M. Moorhead, unpublished). 

Acetylcholine and 5-HT may be mediators released by nerves supplying 
the byssal retractor muscles. Details of the interaction of ACh and 5-HT 
on the excitability of the muscle membrane have therefore been studied. 
The influence of 5-HT and of certain acetylcholine-blocking agents on 
neural excitation of the muscle has also been examined. 


METHODS 


The equipment and basic procedure for mechanical and electrical soba and stimu- 
lation are described in detail in the preceding paper (Twarog, 1960). 

In observations on membrane excitability and contraction maintenance, the muscle was 
dissected as described by Twarog (1954), teased down to a bundle about 1 mm in diameter 
and passed through a paraffin-lined slot in the chamber diagrammatically shown in Fig. |. 
Tension and electrical potentials were simultaneously recorded on the ink-writer. Tota! 
demarcation potential, between the KCl-depolarized and-sea-water segments, was 10-15 m\’, 
never reaching the 18-25 mV observed with intact, unteased muscle. This may indicato 
injury in teasing. However, the potential was stable and bundles had the advantage that 
small-potential ‘spontaneous activity’ was virtually absent (Twarog, 1959). 

When applying anodal and cathodal polarization only tension was recorded. The whole 
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muscle, cleaned from nerve, was used in the chamber shown in Fig. 1. At the shell end the 
chamber was drained and the muscle, suspended in air, made contact with a wick electrode. 
This, and the large loop of silver-silver-chloride wire in the sea-water chamber served as 
stimulating electrodes. The polarity of stimulus (e.g. anodal) refers to that of the sea-water 
chamber. In the nerve—muscle preparation tension was recorded simultaneously with the 
electrical potential between byssus and the region of nerve entry (ig. 5). 


RESULTS 
The interaction of acetylcholine and 5-hydroxytryptamine : typical 
effects on membrane excitability and maintenance of contraction 


When ACh was applied to a muscle previously untreated with drugs, it 
caused depolarization and development of tension (Fig. 1a). Each spike- 
like potential on the rising phase of depolarization was followed by a 


a | Sea water KCI 


10 see sec 
2 min 


Drain ACh 10-6 Wash 5-HT 10-7 M 


[40g 
Drain 


ACh Wash 
Fig. 1. (Inset) Recording of polarization changes in test segment of anterior 
byssal retractor muscle, with reference to KCl-depolarized segment. (a) Depolari- 
zation (upper channel) and contraction (lower channel) with ACh; relaxation by 
5-HT. (b) ACh effects in the presence of 5-HT; records off scale, rebalanced and 
amplification reduced in electrical channel. 


distinct small increment in tension. After washing, the muscle repolarized 
while tension remained high. When 5-HT 10~-’m was applied, the tension 
fell abruptly. If the 5-HT 10-’m remained in the bath and ACh was then 
added (Fig. 1b), a striking change was seen. Large spike-like potentials 
and corresponding tension increments were prominent. The total tension’ 
developed was much increased. Tension was sustained after cessation of 
the rapid potentials until the muscle was washed, when rapid relaxation 
occurred. Clearly, 5-HT reduces the capacity of the muscle to sustain 
tension while potentiating electrical activity and tension development. 
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An interesting example of the relationship between phasic tension 
development and the maintenance of tension is seen in Fig. 2. This muscle 
had been left during the night at room temperature and responded to ACh 
with depolarization and a rhythmic discharge of potentials. Tension was 
developed and sustained with small tension increments apparent on the 
crest. (The response resembled that of the 5-HT-treated muscle of Fig. 10.) 
When 5-HT was applied, as shown in Fig. 2, the rhythmic electrical » 
activity was only slightly modified (increased amplitude, decreased fre- 


5-HT 1077 10.2 mv 
10 sec 
| 0-2 mV 
10 sec 
— 


: Fig. 2 Fig. 3 : 

Fig. 2. Electrical activity (above) and tension (below) in a rhythmically con- 
tracting muscle. Relaxation of maintained tension by 5-HT, off scale, rebalanced 
(B) and records appropriately aligned. Note constancy of rhythmical activity 

Fig. 3. Electrical activity (above) and tension (below) in a rhythmically contracting 
muscle. Note failure to develop tension in absence of spike-like potential, lack of 
relaxation during cessation of discharge. 


quency) and rhythmic contractions continued, while the muscle rapidly 
and fully relaxed. In Fig. 3 the same preparation as in Fig. 2 is seen during 
the maintained contraction (before 5-HT). Electrical activity was occasion- 
ally irregular. A small, rounded electrical potential appeared at time 
intervals appropriate to the original rhythm, when the spike was absent, 
but no tension increment accompanied this potential. It is noteworthy 
that relaxation following spike failure was negligible compared with the 
relaxation in Fig. 2 which occurred during continuous spike activity. 
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Effects of anodal and cathodal polarization on development 
and maintenance of tension 


Sensitivity to anodal arid cathodal polarization differed during spike- 
coupled rhythmic tension changes and maintained tension, as is seen in 
Fig. 4. Here an anodal direct current pulse had no effect when applied 
during the last stages of tension decay following a long cathodal pulse. Along 
cathodal pulse at this time led to a prolonged contraction. Brief repetitive 
cathodal pulses had no effect, while brief anodal repetitive pulses of the same 
voltage led to relaxation after a small tension increase. (The effectiveness 
of brief anodal pulses was noted by Fletcher (1937), and may be significant 


5-0V 5-0V 5-0 V 
20 sec 10 msec 20 sec .20 sec 
d.c. 5/sec d.c. d.c. 
cat cat an an 
5-HT 


Fig. 4. Effects of anodal (an) and cathodal be coe on tension. (a) Muscle 
in last stages of maintained contraction. Anodal and cathodal direct current, 
single long pulses, then brief repetitive pulses. (b) Muscles relaxed in 5-HT; long 
anodal and cathodal pulses. (c) Muscle rhythmically tenia in ACh plus 
5-HT; long anodal and cathodal pulses. 


in synchronizing responses.) A cathodal pulse again led to ——e 
tension in this preparation, which was relaxed by 5-HT (not shown). 

the presence of 5-HT, a long anodal pulse was again without effect, ae 
a cathodal pulse led to a larger tension increase which relaxed at the » 
cessation of stimulation. In the continued presence of 5-HT, the response 


_ to ACh was a series of rhythmic contractions. In the rhythmically active 


muscle, anodal direct-current pulses inhibited contraction and decreased 
the tension level, while cathodal polarization led to a contraction which 
relaxed at the end of stimulation. 


Effects of acetylcholine-blocking agents on neural excitation of the muscle 


Stimuli of 1 msec duration were applied through the nerve at the rate of 
1/sec, as in Fig. 5. The upper, control, record showed facilitation of con- 
traction with repetition of identical stimuli. After soaking the muscle for 


$ min in 10-*m banthine, the contractile response was blocked and the 
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electrical response became smaller and rounded in shape. Other ACh- 
blocking agents, including atropine and benzoquinonium, similarly altered 
the large spike-like potential and blocked the contractile response to 
neural excitation at concentrations between 10-* and 10-*m. In concen- 
trations of 5-HT up to 10-*m, the electrical response was not altered nor 
was contraction blocked, although an increase in threshold was noted in 
some experiments. 


a Control 


Tension 
1-0 sec 
0-2mV 
6V 6V 8V 
b Banthine 10-3 
after 3 min 
Tension | 
1-0 sec 
[° mV 
6V 10V 10V 12V 


Fig. 5. (a) Untreated muscle; electrical response below, tension above; note 
facilitation with 8 V shock. (b) After banthine 10-*m; tension (above) blocked; 
electrical response (below, reduced) prolonged. Inset, placement of os 
and recording electrodes. | 


DISCUSSION 


“Block of neural excitation by ACh-blocking agents, as observed here, 
supports a hypothesis of excitatory transmission by ACh. It has been 
_ argued by Hoyle & Lowy (1956) that 5-HT cannot be a transmitter, since 
its action was not easily reversible in their experiments. In the present 
study the effects of concentrations of 5-HT which fully relax the muscle 
were reversed within minutes by washing. The apparent discrepancy may 
be due to the higher concentrations used by Hoyle & Lowy. Enzymic 
destruction of 5-HT in the byssus retractor has been demonstrated by 
Blaschko & Milton (1959). 

Rhythmic contractions in combined ACh and 5-HT have been seen ii 
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other molluscan smooth muscles (Hill, 1958; Fange & Mattisson, 1958). 
In the present study rhythmic spike-like potentials preceded rhythmic 
contractions. Anodal polarization inhibited these contractions. In guinea- 
pig smooth muscle, spike discharge and tension are suppr@ssed by anodal 
polarization (Biilbring, 1956). It appears probable that rhythmic con- 
tractions of the byssus retractor arise from electrical activity of the muscle 
membrane. 

The prolonged contraction after ACh is apparently not associated with 
electrical activity (this paper and Twarog, 1960), nor was prolonged con- 
traction relaxed by anodal polarization. This suggests that the elements 
which maintain tension may be independent of membrane polarization and 
electrical activity, once tension has been developed. Johnson, Kahn & 
Szent-GyOrgyi (1959) suggested that the tension-developing and -main- 
taining systems have separate molecular bases. 

The action of 5-HT somewhat resembles 8 inhibition in crustaceans. As 
in studies by Hoyle & Wiersma (1958) on crustacean muscle, large 
mechanical effects accompanied very small changes in membrane polariza- 
tion. According to Hoyle & Wiersma an inhibitory transmitter might block 
excitation—contraction coupling or could cause a change in permeability to 
ions important in contraction, such as Ca?+. If tension maintenance is 
independent of the membrane activity which leads to tension develop- 
ment, a relaxing mechanism specific to the tension-maintaining system 
must exist. If continued activation is not involved in tension maintenance, 
then uncoupling is a possible but unnecessary postulate. 


SUMMARY 


1. Relaxing concentrations of 5-hydroxytryptamine (10~’) altered the 
response of the byssus retractor of Mytilus to acetylcholine. In. the pre- 
sence of 5-hydroxytryptamine, acetylcholine evoked a succession of spike- 
like electrical discharges. Total tension developed was greater than in the 
absence of 5-hydroxytryptamine but the contraction was not sustained 
following removal of acetylcholine. 

2. Anodal polarization inhibited rhythmic contractions but did not 


accelerate the slow decline of tension after acetylcholine. 


3. Acetylcholine-blocking agents (banthine, atropine and benso- 
quinonium, 10-4-10-8m) prevented the contractile response to neural 
stimulation and reduced the electrical response. 5-Hydroxytryptamine 
(as high as 10-4) did not interfere with neural excitation. 

4. While firing of spike-like potentials appears necessary for tension 
development, tension following stimulation may be maintained by non- 3 
discharging elements. Possible mechanisms of relaxation by 5- bes ein 


tryptamine are discussed i in this connexion. 
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EFFECTS OF ADRENALINE ON THE ISOLATED 
UTERUS OF THE CAT 


By J. D. P. GRAHAM anp M. R. GURD* 


From the Department of Pharmacology, Welsh National School 
of Medicine, Cardiff 


(Received 13 November 1959) 


Over fifty years ago Dale (1906) showed that the response of an isolated 
strip of cat uterus to added adrenaline varies with the state of the animal 
in relation to pregnancy. Uteri from virgin cats or non-pregnant cats 
in oestrus or in anoestrus are inhibited by adrenaline. If there is spon- 
taneous activity it ceases; if there is high tone it relaxes; if there is no 
movement and the muscle is relaxed the quiescent condition is not dis- 
turbed and may be prolonged by adrenaline. If the virgin cat is injected 
subcutaneously with a preparation of oestrogenic hormone the uterus 
enlarges, becomes congested and when isolated is frequently found to be 
active, but the response to added adrenaline is unaltered. If the cat from 
which it is taken is pregnant, as Dale showed, the uterine muscle responds 
to adrenaline with contraction. This change in the nature of the response 
develops shortly after pregnancy begins and progresses with the gain in 
progesterone control. It is lost again with involution of the uterus post 
partum. Similarly, the altered response to adrenaline may be induced by 
injecting an oestrous cat with progesterone and it develops with prolifera- 
tion and other evidences of pregnancy hormonal action. 

We have explored the possibility of altering the response to adrenaline 
of an isolated strip of cut uterus by preparations from tissues of the same 
or other female cats. 


METHODS 


Female cats were collected in pairs as follows: (a) one pregnant one non-pregnant, both 
parous, between February and September; (b) neither pregnant, both parous, at any time 
of the year: these cats were given 0-5 mg stilboestrol daily for 10 days by subcutaneous 
injection; then one was injected with stilboestrol, the other with progesterone 2 mg/day 
for a further 10 days, (c) One pregnant, one virgin, 4-6 months of age, reared in captivity. 
In some cases the virgin cat was injected for 10 days with stilboestrol as above. (d) One 
virgin, reared in captivity for 6 months, one pseudo-pregnant, parons, injected with 
stilboestrol and then progesterone as in (b). 

The cat was lightly anaesthetized with ethy! chloride spray and exsanguinated, and 
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the uterus (without ovaries) removed. A strip of the uterus was mounted in Locke’s solution 
at 37° C., bubbled with 95 % O,+5 % CO,, and its tone and movement were recorded with 
a frontal-writing lever. The size of bath was usually 10 ml., but 30 ml. for two specimens 
together. The response to adrenaline 10-*-10-* was recorded under certain sets of conditions 
detailed below. Extracts were made initially by grinding tissue with washed powdered 
glass, latterly in homogenizers, in 2 ml. Locke’s solution/g wet tissue. Skeletal muscle, 
lung, liver and uterus were prepared in this way and added in varying amounts to the bath 
for 10-15 min before testing with adrenaline. Some extracts were boiled and cooled and 
the filtrate used: Progesterone 2 mg in oil was emulsified with warm Locke’s solution 10 ml. 
and concentrate of Tween 80 0-3 ml. and put into the bath containing oestrous uterus for 
1 hr before testing with adrenaline. The combinations of isolated uteri and extracts examined 
were as follows: (a) virgin; naturally oestrous parous non-pregnant; oestrogen-injected 
virgin; oestrogen-injected anoestrous parous—alone; (b) the same, with, in the bath, a 
1-2 g piece of skeletal muscle, liver, gut or lung; (c) the same with, in the same 30 ml. bath, 
a strip of pregnant or pseudopregnant uterus as in (e). The tissues were suspended from 
separate levers which had no contact, and remained for 2—3 hr together before testing with 
adrenaline; (d) the same, with, in the 10 ml. bath, homogenate of skeletal muscle, liver, lung 
or of uterus equivalent to 1 g of tissue. The homogenized uterus was either (1) oestrous 
non-pregnant (natural or injected with stilboestrol) ; (2) pregnant; (3) pseudopregnant adult 
(injected with stilboestrol and then progesterone). The extract was added and a variable 
time allowed to elapse before adding adrenaline. The bath might contain atropine sulphate 
10-* or mepyramine maleate 10-*. To one piece of an oestrous uterus, the extract of pro- 
gesterone-proliferated uterus was added as described, while to another piece of the same 
oestrous uterus ergotamine tartrate 10-* or phenoxybenzamine 10~* was first administered 
for 15 min; (e) a strip of pregnant uterus cleaned of its endometrium, or of pseudopregnant 
uterus (p one-injected cats)—alone. 


RESULTS 


When the isolated uterus of a parous cat taken in the spring season 
(natural oestrous) was treated with adrenaline, spontaneous rhythm 
ceased and tone, if present, was relaxed. The sensitivity of the tissue was 
not great and a concentration of 10-’ was often needed. A similar response 
was obtained with the uterus of oestrogen-injected cat which showed much 
spontaneous activity. Virgin cat uterus often had no spontaneous rhythm 
and little tone, in which case it remained apparently unaffected by added 
_ adrenaline. The patterns of spontaneous activity varied widely, but in no 
case did adrenaline 10~ fail to produce or maintain a prolonged relaxation 
and quiescence. The presence in the bath of a piece of liver, lung, gut or 
skeletal muscle did not modify the response of the non-pregnant uterus 
to adrenaline. 

If the uterus was taken from a pregnant cat, especially if late in term, 
and the contents and lining were removed, Addition of adrenaline 10-* 
caused spontaneous rhythm to speed up or start; tone developed or in- 
creased. The pseudo-pregnant uterus reacted similarly and both these 
tissues were more sensitive to adrenaline than is non-pregnant uterus; 


10-* almost always produced a clear response and 10-* invariably pro- 
duced spasm. 
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If a larger strip of pregnant cat uterus was mounted in the same bath 
with a smaller strip of non-pregnant uterus from a parous cat, and left 
for 2-3 hr, various changes in tone and spontaneous rhythm of one or 
other specimen occurred. Very often both became quiescent. If adrenaline 
was then added the pregnant uterus gave a motor response but the non- 
pregnant uterus also made a motor response—a change or reversal of the 
response expected. This change has been reported and illustrated by 
Graham & Gurd (1959). Washing restored the customary inhibitor response 
to the non-pregnant uterus. Similarly, if the larger tissue was from a 
pseudo-pregnant cat (progesterone-treated) and the smaller strip from an 
oestrogen-injected cat, they both responded to added adrenaline with a 
contraction. If the oestrous portion was showing spontaneous activity 
this increased in rate and diminished in extent; if it was fully relaxed it 
showed a rise in tone and movement began. These reactions, taken from — 
different specimens on separate occasions, are shown in Fig. 1. Only preg- 
nant or pseudo-pregnant uterus will bring about the complete reversal of the 


response to adrenaline in the uterus of an oestrogen-injected cat. Other 


tissues or non-pregnant oestrous or anoestrous uterus have no effect, nor does 
the addition to the bath of progesterone in oil. If the non-pregnant 
segment was from an immature virgin cat the pattern of spontaneous 
activity altered but there was no ‘reversal’ of the action of adrenaline. 

If a piece of uterus from a pregnant cat or from a cat injected as de- 
scribed with progesterone is macerated or homogenized with cold saline 
and centrifuged or filtered and the supernatant or filtrate taken, this may 
be termed a simple extract. When a portion of simple extract was added 
to a bath containing a piece of non-pregnant parous uterus and adrenaline, 
in an amount which previously elicited an inhibitor response added after 
some 10-15 min, the response was an excitor one. Extracts of most tissues 
have an oxytocic effect on isolated non-pregnant parous cat uterus 
(Collip, 1922). If the extracts were made from liver, lung, gut, muscle, 
or non-pregnant uterus, the reaction to adrenaline of the isolated uterus 
to which the extracts were added might be antagonized during the 
oxytocic phase but not reversed (see Fig. 2, Nos. 3 and 4). Simple extracts 
of pregnant or progesterone-proliferated uterus are also oxytocic but in 
addition they ‘reverse’ the response to adrenaline. The reversal can be 
demonstrated while the oxytocic effect is in progress, after it has passed 
off (Fig. 2, No. 1) or before it has developed (Fig. 2, No. 2) as there is 
usually a latency. If the oestrous uterus was in rhythmic movement this 
vas speeded up, or increased in excursion; if it was quiescent it contracted 
and rhythmic activity followed. 

A variable minimal amount of extract was needed before reversal 
occurred and increasing doses had to be added in order to reverse any 
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given piece of non-pregnant tissue. Not all extracts were effective in 
doses such that the oxytocic effect did not cause prolonged spasm and 
obscure the result. The oxytocic effect was unaffected by boiling the extract, 
but was reduced if mepyramine maleate or atropine sulphate 10-* was 
first added to the bath. Reversal was not affected. Prolonged soaking of © 


Fig. 1. Isolated strips of uterus from two cats in oestrus. With each, in the same 
bath, there has been a large portion of uterus from a cat injected with progesterone. 
The response to added adrenaline of the non-pregnant uterus is now pyverned. 


(1) Spontaneous contractions speeded and tone increased ; (2) q tuter 
to activity. 


the oestrous uterus in extract rendered it insensitive to stimulants. This 
is a phenomenon unrelated to ‘reversal’, but may obscure results. The 
‘reversal’ effect, once demonstrated, was removed by washing, but some 
accumulation must occur, as lesser amounts of the same extract were 
_ effective in consecutive trials on the same tissue. Prior addition of ergot- 
amine tartrate or of phenoxybenzamine to oestrous tissue prevented the 
development of reversal to adrenaline by extract of ‘progesterone-pro- 
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liferated uterus. If the non-pregnant uterus was from a virgin cat, extract 
of pregnant uterus antagonized the response to adrenaline but did not 
reverse it. Extract of progesterone-proliferated uterus also had an oxy- 
tocic effect, but brought about true reversal to adrenaline if the virgin 


Fig. 2. Isolated strips of uterus from cats in oestrus. The effects of adding extracts 
of tissue and then adrenaline. (1) and (2) extract of 1 g uterus of cat treated with 
progesterone; action of adrenaline reversed (1) after and (2) before onset of oxytocic 
effect of extract. (3) Extract of 1 g skeletal muscle. (4) Extract of 1 g non-pregnant 
uterus ? action of adrenaline not reversed. Time marker, 30 sec. 


cat was well developed (6 months of age; 3 experiments) but not if it was 


_ ‘very immature (3 experiments) and inactive when isolated. The presence 


of a large piece of non-pregnant cat uterus in a bath with a small piece of 
pregnant cat uterus has no effect on the response of the latter to added 
adrenaline. 
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Fig. 3. Isolated strip of uterus from virgin eat (6 months old). (1) Adrenaline 
inhibits activity. (2) After the oxytocic effect of extract of 1 g uterus from a cat 
treated with progesterone has passed off adrenaline had a motor action. Time 
marker, 1 min. 


DISCUSSION: 


McSwiney & Brown (1926) studied the response of several tissues, 
including rabbit stomach and uterus, to added adrenaline in various 
conditions of tone of the preparation. They concluded that ‘ the mechanism 
controlling the augmentor and inhibitor response to adrenaline may be 
present in all preparations of smooth muscle capable of active contraction 
and relaxation’. As far back as 1919 Cow examined non-pregnant uterus 
from guinea-pig. Normally he found this muscle inhibited by added 
adrenaline but after a soak in pituitrin (an extract of whole gland which 
caused a spasm) the muscle contracted to added adrenaline. Collip’s 
work (1922) is also important. He found that a watery extract of most 
tissues was oxytocic. ‘Extracts, in addition to causing intense stimulation 
of the uterus antagonized the inhibitory action of adrenaline on such uteri 
as are normally inhibited by this latter substance, as in the case of the 
rat and guinea-pig (both virgin and gravid) and the virgin rabbit and 
dog’. He does not mention or illustrate a true reversal of the response to 
adrenaline but speaks of ‘an instance of certain tissue constituents acting 
selectively upon the inhibitory nervous apparatus of a tissue irrespective 
of whether it is of the sympathetic or parasympathetic type’. 

The present experiments are concerned with contraction in isolated 
uterus rather than with changes in tone. The results imply that something 
is present in pregnant or progesterone-proliferated cat uterus which can 
be extracted by water and which can diffuse in a bath. This substance, 
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which may be a water-soluble, quick-acting form of pregnancy hormone, 
does not behave like progesterone. It is capable of penetrating oestrous 
uterine muscle and altering it so that the response to adrenaline becomes 
a motor one. Immature muscle which may not have experienced the 
influence of oestrogen is not affected. The site of action is such that anti- 
adrenaline compounds (ergot alkaloid or phenoxybenzamine) prevent it. 


SUMMARY 


If non-pregnant cat uterus is treated with an extract of pregnant cat 
uterus the action of adrenaline on it is reversed. This effect is prevented 
by phenoxybenzamine. 
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FUNCTIONAL ANALYSIS OF GROUP III AFFERENT FIBRES 
OF MAMMALIAN MUSCLES 


By A. 8. PAINTAL* 


From the Department of Physiology, Medical School, University of Utah, 
Salt Lake City, Utah, U.S.A., and The Department of Physiology, 
All-India Institute of Medical Sciences, New Delhi-16, India 


(Received 4 January 1960) 


It is generally accepted that the myelinated afferent fibres of some 
- muscle nerves fall into three groups according to the diameter of their 
nerve fibres (Lloyd, 1943; Lloyd & Chang, 1948; Rexed & Therman, 1948; 
Hagbarth & Wohlfart, 1952), a grouping also borne out by electrophysio- 
logical studies (Hunt, 1954). The fibres of Group I (12-20 y) arise from 
muscle spindles and Golgi tendon organs (Hunt & Kuffler, 1951; Hunt, 
1954). Those of Group IT (4-12,) also arise from muscle spindles (Merton, 
1953; Hunt, 1954) but not from tendon organs (Hunt, 1954). Further, 


recent evidence indicates that the Group II fibres probably arise from the | 


secondary endings of the muscle spindle (Cooper, 1959). 

So far nothing is known about the endings of Group III afferent fibres 
(1-42), although there is considerable information about the distribution 
of fibre diameters within this group in different muscle nerves (Lloyd & 
Chang, 1948; Rexed & Therman, 1948; Hagbarth & Wohlfart, 1952). As 
will become clear from the present paper, this gap in our knowledge of the 
sensory innervation of muscles was apparently due to the difficulty in 
stimulating some of the Group IIT endings and also to certain experimental 
procedures followed by previous workers. The experiments to be described 
in this paper were therefore, at first, specifically designed to elucidate the 
behaviour of these Group ITI endings, the basic procedure being to isolate 
a Group ITI afferent fibre, i.e. one with a conduction velocity below 24 m/ 
sec, and then to determine how its ending could be stimulated. The results 
of this procedure have revealed that most Group III afferent fibres end in 
pressure receptors, i.e. receptors that are stimulated by local pressure but 
not by stretching the muscle or by asphyxia. Hitherto little attention has 
been paid to these receptors owing to the general belief that there are few 
of them in muscles (Hagbarth & Wohlfart, 1952). However, the recent 
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histological studies of Barker (1959), showing that there are significant 
numbers of so-called pressure receptors in the rectus femoris, should serve 
to focus attention on them. 


METHODS 


Experiments were carried out on adult cats anaesthetized with chloralose (70-80 mg/kg) 
after preliminary induction with ether, The arrangements for fixing the left hind limb, 
stimulating nerves and recording nerve impulses from afferent fibres were identical with 
those used previously (Paintal, 19592). 

In the earlier experiments filaments were dissected from the lateral gastrocnemius- 
soleus nerve and the medial gastrocnemius and tibial nerves were cut. Nerve action poten- 
_ tials were recorded monophasically from the peripheral end of the cut filament. When 
recording impulses from afferent fibres of the tibialis anterior, the superficial peroneal and 
extensor digitorum longus nerves and the deep peroneal nerve distal to its branch to tibialis 
anterior were cut. In these experiments the stimulating electrodes were placed under the 
nerve close to the entry of the nerve into the tibialis anterior muscle. Nerve impulses from 
tibialis anterior endings were recorded in filaments dissected from the deep peroneal portion 
of the common peroneal nerve. This proved to be convenient because it provided adequate 
conducting distance over which to measure the conduction velocities of fibres. Although 
by this procedure fibres destined for regions other than tibialis anterior, e.g. extensor 
digitorum longus, were not eliminated, the fact that a particular fibre belonged to the tibialis 
anterior nerve could always be established by observing the characteristic impulse evoked 
by stimulating the nerve near its entry into the muscle or by the effects of antidromic 
_ stimulation (Paintal, 19596). This was necessary, although the nerves to all regions other 

than tibialis anterior were cut, because of possible vicarious stimulation of cut nerve fibres. 
The peroneus longus and extensor digitorum longus muscles were cut from their origins 
and separated from tibialis anterior muscle for a distance of 2-4 cm to expose the point of 
entry of the tibialis anterior nerve into the muscle. 

Conduction velocities of individual afferent fibres were determined by the methods and 
criteria described previously (Paintal, 1953). The likely sources of error were also similar to 
those described in that paper, and as before no arbitrary allowance of 0-1 msec was made 
for setting-up time at the stimulating electrodes (Blair & Erlanger, 1936). 

The conduction velocities of most of the fibres that could be activated by mechanical 
stimuli were established by criteria mentioned above (i.e. Paintal 1953), but in some such 
proof could not be obtained. In the latter even the simpler though less reliable criterion of 
correlating the appearance of a component of the compound action potential with the 
simultaneous appearance of evidence of antidromic invasion of the sensory ending, as 
indicated by re-setting of the rhythm of the ending (Iggo, 1958), was of no help, because of 
the absence of a slowly adapting train of impulses in the fibres examined in the present 
investigation (see below). In such fibres strong evidence of identity of a fibre with a par- 
ticular conduction “velocity with that yielding the impulses on natural stimulation was 
obtained as follows: The cat was curarized and the stimulus to the nerve adjusted so that 
it was just subthreshold for the fibre suspected to be the one activated by natural stimula- 
tion (spike at arrow, Fig. 1A). With this stimulus strength, just sufficient to produce the 
compound action potential appearing with a latency of 1-1-5 msec in Fig. 1A (but not the 
spike at arrow), the nerve was stimulated repetitively at about 90/sec and the natural 
stimulus applied to the muscle, as in Fig. 1B. If impulses appeared as:in Fig. 1 B it was clear 
that they did not belong to one of the fibres in the faster-conducting component. The 
stimulus was then increased to include the slower fibre under examination and if the im- 
pulses did not appear it was concluded that the fibre activated by natural stimulation was 
identical with that yielding the specific slower component. This test was very convenient 
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because the potentials of the fibres conducting below 24 m/sec stood out clearly from the 
faster compound action potential as discrete individual spikes (Fig. 1 A). 

The temperature of the paraffin pool was measured with a mercury thermometer and kept 
as close to 37° C as possible. This was not difficult because the room temperature at which 


most of the conduction velocities were determined was about 37° C. The intra-abdominal | 


temperature was used as a measure of deep body temperature. In those instances where 
the pool temperature deviated from 37° C a temperature correction in the conduction velo- 
city was made by using @ Qj of 1-3 for in situ conditions, as in the cervical vagus (Paintal, 
1953), 

The tension of the muscle concerned was measured with a strain gauge (Statham) and 
d.c. amplifier and recorded on one channel of the oscilloscope. 

Flaxedil (May & Baker) or tubocurarine were used to produce neuromuscular block 
whenever required. 


Fig. 1. Records showing how the identity of a particular sensory fibre stimulated 
by an electrical stimulus with that activated by natural stimulation was demon. _ 
strated in some experiments. A is a single sweep showing an early fast-conducting 
compound action potential followed by a single spike in a slowly-conducting 
fibre (conduction velocity, 14-1 m/sec) at arrow. In B the strength of the stimulus 
was reduced a little so that it did not stimulate the slow fibre but it elicited the 
entire early compound action potential. The sweep was set ‘free running’ and this 
compound action potential was kept out of view so that it did not mask the im- 
pulses elicited by pressing the muscle at signal in the continuous record shown in 
B. The spikes in B are similar to that at arrow in A. When the electrical stimulus 
was increased to stimulate the’ slow fibre as well, the naturally evoked impulses 


shown in B did not — From above downwards in B, signal, time marker 
1/10 sec, impulses, 


RESULTS 
Receptors in lateral gastrocnemius and soleus 


Initially, the main aim was to isolate Group III afferent fibres with 
conduction velocities below 24 msec. While doing so it was necessary to 
ensure that fibres having an ‘early discharge’ (see Masland & Wigton, 
1940; Lloyd, 1942; Hunt & Kuffler, 1951; Granit, Pompeiano & Waltman. 
1959; Cooper, 1959) were not mistaken foe slowly-conducting fibres. As is 
shown 4 in sid 2, this was achieved by placing a second stimulus of greater 


alg 
ob) 
4 
< 
q 
4 


& 


PRESSURE-PAIN RECEPTORS IN MUSCLES 253 


intensity at a proper interval before the appearance of the slow impulse. 
If the slow impulse belonged to the ‘early discharge’ it was delayed or 
abolished (Fig. 2A, B) because of antidromic depression of excitability 
(Matthews, 1933; Paintal, 19595). The second stimulus had to be of greater 
intensity than the first in order to avoid possible relative refractoriness of | 
the nerve fibres following the first. This procedure also avoided inclusion 
of impulses arising out of repetition at the stimulating electrodes: 


A Cc 


| 


Fig. 2. Sweeps showing how an impulse of an ‘early discharge in A was dis- 
tinguished from an impulse belonging to a slowly-conducting fibre (conduction 
velocity, 10-2 m/sec) in C. Application of a second stimulus in B delays the ‘early 
discharge’ impulse owing to antidromic depression, but leaves the slowly-con- _ 
ducted impulse unaffected in D, Time marker, msec. 


The fact that any fibre with conduction velocity below 24 m/sec was 
sensory in function was regarded as established if natural peripheral 
stimuli such as stretch or pressure initiated impulses in it characteristic of 
responses of sensory receptors. If impulses could not be initiated then 
doubt about the sensory identity of the fibre remained only if it had a 
conduction velocity above 15 m/sec, because the lower limit of conduction 
velocities of efferent fibres (i.e. arising from the ventral roots) is 15 m/sec 
(Kuffler, Hunt & Quilliam, 1951; Hunt & Paintal, 1958). In this investiga- 
tion only three such fibres from lateral gastrocenmius and soleus and one 
from tibialis anterior were met with. 

Responses of Group ILI fibres. Out of 31 Group III afferent fibres isolated 
from the lateral gastrocnemius-soleus nerve 6 could not be stimulated by 
any type of mechanical stimulus such as pulling, pressing, squeezing or 
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prodding the muscle. Two fibres were stimulated by pulling the muscle, 
the discharge being characteristic of muscle stretch receptors. The re- 
sponse in one of these during muscle twitch indicated that it originated 
from the muscle spindle, presumably froin a secondary ending. The con- 
duction velocities of these two fibres were respectively 18 and 21 m/sec. 
The majority of Group III afferent fibres, 23 out of 31, were stimulated 
by local pressure but not by stretching the muscle (Figs. 3, 8). Most of 
them did not yield even one impulse on pulling the muscle rapidly. Such 


Fig. 3. Responses of a pressure receptor in lateral gastrocnemius-soleus muscle. 
A, shows that stretching the muscle to over 700 g did not stimulate the ending, 
whereas pressing the muscle in B yielded a train of impulses. The rise in muscle 
tension in B is due to pressing the muscle but it does not indicate the amount of 
pressure applied. From above downwards in A and B, record of muscle tension, 
impulses in a filament and in B, signal and time marker l /10 sec. Conduction velo- 

city of afferent fibre was 14-1 m/sec. 


endings may therefore be regarded as pressure receptors and will be 
referred to as such in this paper. In these experiments the muscle was 
stretched sufficiently to raise the tension by from over 400 to 700 g (Figs. 3, 
8); in some fibres this yielded one impulse, in others two or three impulses 
in some of the trials. From such observations it was clear that the fibres 
were not connected to stretch receptors, considering that the threshold 
of most stretch receptors is less than 350 g (Matthews, 1933; Hunt & 


Kuffler, 1951), although the threshold of some of Matthews’s B endings 
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The response to local pressure varied in different receptors not only 
quantitatively, but also in the type of mechanical stimulus that stimulated 
them. Thus while some were stimulated by pressing the appropriate region 
of the muscle gently with a glass rod, others could be stimulated only by 
squeezing the muscle between finger and thumb. Again, the direction in 
which the muscle was pressed or squeezed was important. Also, sometimes 
the receptors which were stimulated by pressing with a glass rod were 
poorly stimulated by squeezing the muscle. Owing to such variations it 
was not feasible to use any single device for applying pressure. 

A little less than half the pressure receptors isolated could be stimu- 

lated consistently each time local pressure was applied at the proper 
place. At the other extreme there were receptors that could be stimulated 
in only 20% of the trials under the most favourable circumstances. The 
remaining receptors fell in between these two extremes. 
- The stimulus threshold was difficult to assess in those receptors which 
_ could only be stimulated by pressing or squeezing the muscle manually. 
However, a rough estimate of the pressure exerted was made by noting 
the pressure recorded by an algometer (Baird & Tatlock) when pressure 
of the same order was applied to it. The threshold estimated roughly in 
this way varied from 300g to 2 kg/cm.* Those receptors that could be 
stimulated by pressing locally with a blunt point allowed a more precise 
measurement of the threshold to be made, as direct pressure could be 
applied by the blunt point of the strain gauge which had an area of about 
16 mm?. The threshold pressure registered by the strain gauge varied in 
different receptors from 25 to 200g. The threshold varied somewhat in 
each trial and also with the direction of application of pressure. The 
receptors were apparently more easily stimulated if the muscle was not 
stretched initially, but owing to the variation in the responses mentioned 
the precise influence of stretch on stimulus threshold was not studied. 

Most of the pressure receptors adapted rapidly, the discharge ceasing in 
about 0-5-2 sec after its onset. About a third of them adapted more slowly 
(Figs. 3, 8) and there were only a few which showed a truly slowly- 
adapting type of discharge. 

The peak frequency of discharge also varied considerably from one fibre 
to another, the lowest value being in the range of 2-10 impulses/sec and 
the highest 100-150 impulses/sec.. Such peak frequencies were averaged 
over 0-1 sec at high frequencies and over 0-5 sec in the low-frequency 
range. Attempts to raise the peak frequency of the receptors firing at a 
low frequency were seldom successful. These observations contrast with 
the responses of stretch receptors, in which the peak frequency may 
reach 500/sec (Matthews, 1933). 


An attempt was made to determine the range of conduction velocities 
17 | PHYSIO. CLIT 
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over which the fibres of pressure receptors were distributed. This was 


achieved by reversing the sampling procedure, so that fibres in which 
impulses were aroused by pressing the muscle, but not by stretching it, 


were isolated first and then the conduction velocities of such fibres were 
determined. The results of these experiments showed that there was a 
wide range of conduction velocities extending from 6 to 91 m/sec. How- 
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10 20 30 40 
Conduction velocity (m/sec) 
Fig. 4. Frequency distribution of conduction velocities of afferent fibres connected 
to pressure receptors in lateral gastrocnemius and soleus muscles. Interrupted 
line, distribution of fibres that could not be stimulated by any type of mechanical 
stimulus. 


Fig. 5. Response of a pressure receptor of lateral gastr ius-soleus connected 
to a Group I afferent fibre. A shows that pressing the muscle locally with the tip of 
the strain gauge yielded a train of impulses, whereas stretching the muscle from 
0 g initial tension to over 700 g did not stimulate the receptor, although it stimu- 
lated 2 stretch receptors which were not stimulated by local pressure in A. From 
above downwards in A and B, record of strain gauge, impulses in fibres; and in B, 
time marker 1/10 sec. 
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ever, there are apparently few fast-conducting fibres, because only 4 fibres 


with conduction velocities of > 55, 66, 76, and 91 m /sec were encountered 
in the lateral gastrocnemius-soleus nerve. The distribution of the conduc- 
tion velocities of these fibres have been plotted in Fig. 4. It is clear from 
these results that pressure receptors with characteristics described above 
have afferent fibres distributed in all three groups, but the majority of 
them are in Group III, the peak being in the 10-15 m/sec range. In this 
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Fig. 6. Effect of muscular contraction on pressure receptors of lateral gastro- 
cnemius-soleus. In A, muscle twitch without local pressure had no effect; in B and 
C muscle twitch with applied local pressure gave no response during contraction. 
Conduction velocity of afferent fibre was 33-6 m/sec. In records D, H, and F, which — 
are from another fibre (conduction velocity 23 m/sec), local pressure applied with 
@ glass rod was kept constant but the strength of muscular contraction was in- 
creased from D to F; note optimal contraction in HZ, Time. marker, 10 msec. 
Calibration at left applies only to A, B, C. 


series only 4 fibres in the Group II range were encountered, but it is felt 
that with better sampling procedure perhaps a slightly greater number will 
be found in Group II. All the pressure receptors had the characteristics of 
Group III pressure receptors described above, i.e. they were unaffected 
by stretching the muscle to over 700 g but were stimulated by local pres- 
sure. The discharge of the endings with Group I fibres was in most cases 
slowly-adapting and the threshold seemed lower, these being perhaps 
the only significant differences from those of Group HI (Fig. 5). 


Effect of muscle twitch. The effect of muscular contraction was observed 
| 17-2 
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in only 13 out of 24 pressure receptors. This was because neuromuscular 
block which was often required for identification did not permit similar 
observations to be made in the remaining receptors. Five out of the 
13 examined were unaffected by muscular contraction with or without 
applied external stretch. The responses of the remaining 8 were rather 
unimpressive and varied in the same ending (Fig. 7A). Five of the latter 
showed an ‘early discharge’ somewhat characteristic of that seen in muscle 
spindles and tendon organs (Hunt & Kuffler, 1951; Granit et al. 1959), in 
which one or more impulses appeared with a latency of 3-6 msec after the 
stimulus to the nerve. The number of impulses elicited was usually 2 or 
3, rarely 6. The peak frequency of this discharge, measured as the recipro- 
cal of the interval between the impulses, was 500-600 /sec as in stretch 
receptors (Hunt & Kuffler, 1959; Granit e¢ al. 1959). The number of 
impulses in this ‘early discharge’ did not vary consistently with the ten- 
sion applied; sometimes it fell with increase of initial tension. These 
impulses were abolished by curare or Flaxedil. It is possible they were 
ephaptic in origin, as has been postulated by Granit et al. (1959), but one 
cannot rule out mechanical stimulation with the evidence available at 
present. One observation that supports ephaptic excitation is that, 
although the response of one receptor to pressure was abolished by local 
mechanical injury, its fibre still yielded the ‘early discharge’. The ‘early 
discharge’ must influence the subsequent response of the ending in view 
of the known effects of antidromic depression (Matthews, 1933; Paintal, 
19595), particularly if the train consists of several impulses. Perhaps 
these endings would have been excited during some phase of the twitch 
if the ‘early discharge’ were not there. Such a discharge was observed 
in two receptors in which an ‘off-effect’ type of response was seen in the 
form of 2-4 impulses after the active phase of contraction (Fig. 7A). 
Since there was no resting discharge in these receptors it was con- 


sidered worth while to see what would happen during a twitch if such a — 


steady discharge could be created. Accordingly, the effect of a muscle 
twitch during application of local pressure was examined, and as expected 


there was no consistent response. Some receptors showed a pause during © 


contraction, as in Fig. 6B, C, others a tendon-organ type of discharge 
(Fig. 6D, H, F). With constant pressure the discharge in one of these in- 
creased with increasing strength of contraction up to a point and then 
declined (Fig. 6D, EZ, F’); this is of course quite unlike the discharge from 
tendon organs. In this receptor increase in the local pressure applied 
increased the number of impulses in the train. 

Effect of tetanic contraction. The effect of tetanic contraction of muscle 
at 40-100 /sec was observed on 10 pressure receptors. Six of them were 
apparently unaffected by this procedure, although the muscle was 
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lasted for about 6 sec. The absence of discharge during tetanus in 
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tetanized through its nerve at subthreshold strength for the afferent fibre | 
so that its receptor was not depressed antidromically (Paintal, 1959). : 
The remaining 4 were stimulated to varying degrees. In two fibres tetanic 
stimulation at about 40/sec yielded a discharge of 1-2 impulses/sec in one 

fibre and about 6/sec in the other; this ceased soon after tetanus. In a 

third, stimulation at 90/sec produced a discharge of 10 impulses/see which 


Fig. 7. Effect of muscular contraction on a lateral gastrocnemius-soleus pressure 
receptor. A shows variable responses to single muscle twitches in 3 successive 
sweeps. B and C, which are continuous records, show that tetanic muscular con- 
traction stimulated the receptor. Nerve was stimulated at about 90/sec and the 
muscle was partially curarized. Lowest trace in C, time marker 1/10 sec. Conduc- 
tion velocity of fibre was 11-4 m/sec. 


started about 80 msec after the beginning of the tetanus (Fig. 7B). This 
discharge was not maintained throughout the period of repetitive stimula- 
tion and it was present during apparently constant tension, and in one 
trial while the tension was falling. Tetanus at about 40/sec yielded a 


similar response but the discharge frequency was lower; at 18/sec the 


receptor was not stimulated. In the fourth receptor a train of impulses 
at a frequency of about 10/sec appeared after the end of the tetanus and 
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this fibre was probably due to antidromic bombardment of the ending, 
as the stimulus used was suprathreshold for the afferent fibre. These results 
indicate that prolonged muscular contraction as in a tetanus can stimulate 
some pressure receptors, and that this excitatory action ceases with the 
end of the tetanus although in certain receptors it may outlast it. 

Location of receptors. Only 10 pressure receptors have been located in 
the muscle; in the case of the others either no attempts were made to 
locate them or the attempts were unsuccessful. The method of location was 
quite simple. The region which yielded the maximum response to pressure 
was at first tentatively recognized as the location of the receptor. This 
region was then either destroyed or disconnected from the rest of the 
muscle, and if the response disappeared the tentative conclusion stood. If it 
did not, the procedure was repeated. To determine whether the receptors 
were in the soleus or lateral gastrocnemius the muscles were separated from 
one another and the procedure for location described above followed. 

Three of the 10 receptors were located precisely in the musculo-tendi- 
- nous region of the tendo Achillis; two were located in the fascia covering 
the flexor digitorum longus muscles. Of the remaining five receptors 
two were located in the belly of the lateral gastrocnemius muscle (one near 
its origin) and three in the belly of the soleus. These results indicate that 
many of the pressure receptors are probably located in the musculo- 
tendinous region of the muscle. This information may be of value for deter- 
mining the central effects of these receptors. 

Effect of asphyxia. As is well known, occlusion of the circulation or 
asphyxia has profound excitatory effects on muscle stretch receptors 
(Matthews, 1933; Paintal, 19596). It was therefore of interest to see if the 
pressure receptors were similarly affected. Accordingly, the behaviour of 
pressure receptors was examined after stopping the respiratory pump 
(followed by cardiac standstill) in curarized animals. Out of 9 pressure 
receptors on which the effect of asphyxia was tried, only 1 was stimulated 
and this was connected to a Group I fibre with a conduction velocity of 
91 m/sec. All the others, 7 of Group III and 1 of Group II, were not 
stimulated by asphyxia. The responses of some of the receptors to pres- 
sure lasted for as long as 1 hr after stopping the pump but in no case were 
their responses enhanced. 

Effect of NaCl 6% (w/v). Since the pressure receptors were not stimu- 
lated by any type of stimulus other than pressure, which had to be severe 
to stimulate some of them, the possibility that they were pain endings 
was considered, particularly since subjective experience indicates that 
squeezing a muscle produces pain—this local tenderness being marked _ 
after strenuous exercise. Further, Lewis has shown that severe muscular 
pain is produced by local injection of 6 94 NaCl (Lewis, 1942). Accordingly, 
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the effect of locally injected 6% NaCl on some pressure receptors was 
noted. For this purpose observations were made exclusively on Group III 
pressure receptors. 

After locating a receptor a No. 12 gauge needle was inserted into the 
site. This procedure itself evoked a train of impulses (Fig. 8C). This was 
apparently not a pressure effect of the type described above because the 
pressure exerted by the needle in some cases was much less than that 
required to stimulate.the endings by pressure per se. Further, excitation 


Fig. 8. Responses of a lateral gastrocnemius-soleus pressure receptor. A shows that 
stretching the muscle did not stimulate the receptor, whereas pressing the muscle 
at signal in B stimulated the ending. C shows that inward movement of a hypo- 
dermic needle inside the muscle at signals stimulated the receptor. Lowest trace 
in B and C time marker 1/10 sec. Conduction velocity of fibre was 17-1 m/sec. 


occurred only after penetration of the muscle, at which time the pressure - 
exerted by the needle was minimal. It appeared that this excitation was 
due to the movement or progress of the needle inside the muscle, because 
small displacements of the needle in and out of the muscle excited the 
receptor. In fact, in some receptors there was excitation when movement 
occurred in a particular direction, e.g. inward in the case of the receptor 
shown in Fig. 8C. The excitation by a needle was short-lasting, the dis- 
charge rarely exceeding 1 sec and being usually over within a fraction of a 
second. Occasionally this was followed by infrequent and irregularly 
occurring impulses with a frequency of less than 1/sec. 
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With the position of the needle unchanged about 0-5 ml. of 6% NaCl was 
injected. In 8 out of 9 cases this yielded a discharge of impulses lasting 
from 2 to 5 min. Usually the discharge built up gradually as in Fig. 9 
to reach peak frequency about 15-50 sec from start of stimulation. The 
latent period, reckoned from the beginning of injection to the beginning 
of stimulation, varied in different receptors from 1-3 to 23 sec. The longer 
latencies were probably due to the needle being at some distance from the 
endings and the interval therefore represents the time taken for the solu- 
tions to diffuse to the ending. The peak frequency was 3-30 impulses/sec. 


Fig. 9. Effect on a lateral gast ius-soleus pressure receptor of locally injected 
0-5 ml. 6% NaCl. A isa record before injection of 6% NaCl; B—E are records re- 
spectively at 50, 120, 175, and 260 sec after injecting 6% NaCl. Lowest trace, 
time marker 1/10 sec. Conduction velocity of fibre was 14-1 m/sec. 


After a period of continuous activity, as in Fig. 9C, cyclical discharges 
appeared in some receptors. This consisted of short trains of impulses 
lasting about 0-2-2 sec, separated by variable periods of silence (Fig. 9D, 
10C). As time passed the duration of the trains diminished and the 
periods of silence increased (Fig. 9D, E). 

After the excitation by NaCl had died down it was found that the 
response of the receptors to pressure was reduced. It was also found con- 
sistently that the response to a second injection of NaCl was less than 
that following the first. The response in Fig. 9 shows the effect of a second 
injection ; the response to the first being much more marked. : 
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The effect of NaCl 0:9% (w/v) was tried on 4 receptors. This was in- 
jected in the same way before injecting 6% NaCl. It had no excitatory 


action on 3 receptors that were markedly stimulated by 6% NaCl. In 


one case the receptor was clearly stimulated, the discharge lasting for 
about 4min (Fig. 10B). In this case 6% NaCl stimulated the ending 
after a latency of only 1-3 sec (Fig. 10D), which is small when compared 


Fig. 10. Responses of a lateral gastr ius-soleus pressure receptor. A shows 
the response to local pressure applied to the muscle between arrows. B and C are 
‘records taken respectively at 7 and 30 sec after intramuscular injection of 0-5 ml. 
_ 09% NaCl near location-of receptor. D shows the marked and immediate stimu- 
lation of the receptor by injecting 6% NaCl at the same place; the injection is 
indicated by arrows. Conduction velocity of fibre was 17-1 m/sec. 


to the usual latency of 8—23 sec seen in the other receptors. It is conceiv- 
able that in this instance the hypodermic needle was closer to the ending 
than in the other cases. 

The behaviour described above is the kind that would explain some 
of the subjective experiences of pain following intramuscular injection of 
6°% NaCl in man (Lewis, 1942). Probably these pressure receptors are 
indeed responsible for the sensation of pain from 6% NaCl, but the possi- 
bility that stretch receptors may also be involved has to be kept in mind. 
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The effect of 6° NaCl on stretch receptors was therefore tried. For this 
purpose the whole nerve of either medial gastrocnemius or lateral gastro- 
cnemius-soleus was placed on the recording electrodes and 6% NaC! 
injected as before. This did not produce any visible change in the resting 
discharge although 0-5 ml., which is a very large dose for a cat’s gastro- 
cnemius compared to the 0-03 ml. used by Lewis (1942), was injected into 
several regions of all three muscles in a number of experiments. Occasion- 
ally a high-frequency discharge appeared in 1—4 fibres of unknown identity, 
especially if the solution was injected near the origin of the muscle. Larger 
doses (1-0 ml.) activated several fibres, but this discharge was only a 
fraction of that accompanying moderate ventriflexion of the foot. Since 
ventriflexion of the foot consistently produced a pronounced maintained 
discharge and since this procedure is quite painless, it is evident that pain 
following local infiltration of 6% NaCl is not mediated by stretch receptors. 
The receptors that qualify for this role so far are therefore the pressure 
receptors of Group III and possibly also those of os II. 


Receptors in tibialis anterior 


The experiments on the receptors of tibialis anterior were undertaken 
after those on the lateral gastrocnemius and soleus had been completed 
and the results assessed. Figure 2 of Lloyd & Chang (1948) suggests 
that in the mixed lateral gastrocnemius-soleus nerve about 16% of the 
fibres belong to Group III (18% in lateral gastrocnemius and 14% in 
soleus). With this population of Group III fibres it was possible to isolate 
usually 1-2, rarely 3, Group III fibres in each experiment. This of course 
would depend on the skill of the experimenter and the techniques used by 
him. On the other hand, Fig. 3 of Lloyd & Chang (1948) shows that about 
40% of the afferent fibres in tibialis anterior nerve belong to Group III. 
It was therefore expected that two to three times the number of Group III 
fibres isolated per experiment in the lateral gastrocnemius-soleus would 
be isolated in each experiment on the tibialis anterior. 

Altogether four experiments were done on the left tibialis anterior and a 
total of 25 Group III fibres were isolated, an average of about 6 fibres per 
experiment (range 5-8 fibres/expt.). These were isolated without particular 
difficulty and they do not represent the maximum that could be isolated, 
because usually the experiment was terminated before the entire nerve 
could be examined. These results therefore confirm the expectations arising 
from the fibre calibre spectra of ‘demotored’ muscle nerves (Lloyd & 
Chang, 1948). More experiments on tibialis anterior were riot done because 
the other results were similar to those obtained in the lateral gastro- 
cnemius-soleus nerve. 


The conduction velocities of the fibres isolated ranged from 5-2 to 
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22 m/sec, the maximum occurring in the 5-10 m/sec range. Relatively 
few fibres were isolated in the 20-25 m/sec group; this may have been due 
to some undetected bias for the smaller fibres in the sampling procedure. 
Assuming that the distance travelled by an impulse in 1 sec is equal to 
6 x 10° times the fibre diameter (Hursh, 1939) the mean conduction velo- 
city calculated for the Group III fibres in Fig. 3 of Lloyd & Chang (1948) 
would be about 15 m/sec. This is a little different from the mean of 11 m/ 
sec found in the present experiments. | 

No impulses could be aroused in 13 of the 25 Group III fibres isolated by 
stimulating the muscle mechanically; 2, with conduction velocities of 18 
and 22 m/sec, respectively, were connected to typical stretch receptors. 
Ten were connected to pressure receptors whose responses closely re- 
sembled those found in the lateral gastrocnemius and soleus. The range of 
threshold to pressure was also similar. Sometimes, presumably owing to 
altered conditions, the receptors which could be stimulated by pressure at 
one stage of the experiment could not be stimulated at all at another. 
These receptors represented the border-line behaviour between pressure 
receptors and inactive Group III afferent fibres. It is, therefore, possible 
that the 13 Group III fibres labelled as inactive could have been activated 
by pressure at another stage of the experiment. In this.connexion the 
conditions of the experiment should be kept in mind, i.e. separation of 
muscles, etc. (see Methods). | 

An important observation, which indicates that there are certain 
minor differences in the behaviour of pressure receptors of different 
muscles, is that in 6 of the 10 receptors stretching the muscle rapidly to a 
tension of about 700g yielded 1-10 impulses. This represents a greater 
excitation by stretch than that which occurred in the receptors of the 
lateral gastrocnemius and soleus muscles. Figure 11 B shows a receptor 
which had the best response to stretch out of all the pressure receptors 
examined. However, the same receptor at an earlier stage of the experi- 
ment discharged only 1-3 impulses during stretching of the same degree. 

The response to stretch shown in Fig. 11B is the kind which Matthews 
noted in his ‘C’ endings, most of which were presumably from peroneus 
longus muscle (Matthews, 1933). The pressure receptors resemble the 1" 
endings further in that their responses during active contraction are 
variable and that some of them, especially those of lateral gastrocnemius 
and soleus, are attached to fascia. 

Unlike those in the lateral gastrocnemius and soleus, a few receptors 
discharged impulses irregularly at a frequency of less than 1-2 [sec under 
resting conditions. Such pressure receptors could always be stimulated 
mechanically. 

Nine of the 10 pressure receptors were located within the muscle. Unlike 
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those in the lateral gastrocnemius and soleus the pressure receptors of 
tibialis anterior were concentrated near the entry of the nerve into the 
muscle. Two were located about 5 mm central to the entry of the nerve, 
4 were located within 1 cm distal to the entry of the nerve, and the remain- 
_ing 3 within 3 em distal to the entry of the nerve. The total length of the 
muscular portion of the muscle is about 8cm and the nerve enters it 
about 1-5 cm from its origin. 


Fig. 11. Responses of a tibialis anterior pressure receptor. A shows the response to 
gentle local pressure. B shows the response of the same receptor to stretching 
the muscle from zero initial tension to 780g. Lowest trace in A, time marker © 
1/10 sec, Conduction velocity of fibre was 11-1 m/sec. — 


Electrical threshold of Growp III fibres 


This was carefully determined in 19 fibres. The threshold was evalu- 
ated relative to the threshold of motor fibres; threshold of Group I 
afferent fibres could not be used as a reference owing to the conditions 
of the experiments. The threshold ranged from 7 to 44 times the threshold 
for motor fibres; the average was 24. The duration of the stimulus was 
kept constant at 0-1 msec. The results indicate that with a stimulus 
about 20 times threshold for motor fibres about half the total number of 
Group IIT fibres would be stimulated. 


DISCUSSION 


The main conclusion emerging from the experiments is that the majority 
of Group III fibres in muscles are connected to pressure receptors. Some 
stretch receptors are also connected to Group III fibres but the number of 
these is very small. Further, since the results obtained in the lateral 
gastrocnemius and soleus are similar to those obtained in the tibialis 
anterior it may be assumed that they apply to other muscles as well. 

A great deal of histological study has been devoted to the sensory 
endings in muscles (for references see Barker, 1948), but there have been 
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no reports concerning presence of specific structures other than muscle 
spindles, Golgi tendon organs, and occasional Pacinian corpuscles. There 
is, therefore, a possibility that some of the Group III fibres merely ter- 
minate in naked endings. This is the sort of termination attributed to 


_ pain fibres. (Wolff & Wolf, 1951) Recently Barker (1959) has reported 


a fair number of Pacinian corpuscles in the rectus femoris. It would be 
interesting to know the size of the nerve fibres supplying these corpuscles. 

The Group III fibres probably produce several types of central effects. 
First, there is a possibility that they mediate the sensation of muscle pain, 
although there is no actual proof to show that this is so. However, there is — 
some evidence to support this view if it is assumed that the Group III 
pressure receptors in man respond in the same way as those in cats. First, 
many of the pressure receptors are stimulated only by strong pressure, 
e.g. 1-2 kg/em?, just that pressure required to produce the pain sensation 
in man. Secondly, preliminary experiments indicate that the pain pro- 
duced by squeezing a muscle (e.g. calf muscles) is conducted fast enough 
for it to be mediated by myelinated afferent fibres, which the Group III 
are. Finally, the pressure receptors are stimulated markedly by locally 
injected 6% NaCl, which produces severe pain in man (Lewis, 1942). 
The quantities injected into cats (0-5 ml.) might seém large when compared 
to the quantities required to produce pain in man (0-02—0-03 ml.; Lewis, 
1942), but it must be remembered that in the present investigation 6 % NaCl 
was used to stimulate single pressure receptors which could only be 
localized in two dimensions but not the third, namely depth. In order to 
stimulate the endings, therefore, the seemingly large quantity of 0-5 ml. 
was injected so that it could diffuse to particular pressure receptors in 
effective concentrations. It is certain that if the solution could be intro- 
duced precisely at the receptors only very small amounts would be 
needed. The above evidence suggests that the Group III pressure receptors 
may be responsible for some aspects of muscle pain, in which case they 
could bé appropriately referred to as ‘pressure-pain’ receptors. However, 
the evidence is still only circumstantial and further experiments on man 


_ will be needed to establish the point. In this connexion the role of non- 


myelinated fibres must be kept in mind because there are endings con- 
nected to non-myelinated fibres which are stimulated by strong pressure 
but not by external stretch (unpublished observations). __ : 

According to Lewis the pain accompanying muscle activity during 
ischaemia is of the same quality and presumably arises from the same 
source as that produced by squeezing the muscle (Lewis, 1942, p. 41). 
The results of this investigation do not fit into this scheme, because the 
pressure receptors are not stimulated by asphyxia and some not even by 
tetanic contraction during asphyxia. It is possible that there is more than 
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one pain-conducting mechanism and the fact that there are several types 
of non-myelinated afferent fibres in muscle (unpublished observations) 
supports this possibility. At any rate it can be concluded that Group III 
pressure receptors are probably not responsible for the pain of muscular 
ischaemia. 

Since Group III fibres of muscles facilitate flexor reflexes (Lloyd, 1943; 
Brock, Eccles & Rall, 1951; Eccles & Lundberg, 1959), it may be concluded 
that the Group III (and perhaps Group IT) pressure receptors of different 
muscles produce the flexor reflex, especially since the majority of Group ITI 
fibres are connected to pressure receptors. This is consistent with their 
probably nociceptive function outlined above. Recently Eccles & Lund- 
berg (1959) have shown that the interneurones concerned with this path- 
way are inhibited by higher centres in the brain stem, because the flexor 
reflex of Group II and Group III fibres, which is insignificant or absent in 
the decerebrate cat, comes into prominence on dividing the cord in the © 
upper cervical regions. However, the reflex effects of Group III fibres on 
muscles of the opposite limb (Perl, 1958) suggest that their reflex actions 
must be complex. 

A third possibility is that the pressure receptors are seaponsible for the 
increase in ventilation during muscular activity. From the experiments of 
laria, Jalar & Kao (1959) it would appear that the stretch receptors 
of muscle are not responsible for this increase in minute ventilation on 
stimulation of a muscle nerve. As shown in this investigation some pres- 
_ sure receptors are stimulated by muscular contraction and if the stimulus 
_ strength is high enough the Group III fibres themselves may be stimu- 
lated. The possibility that their activity increases ventilation has therefore 
to be kept in mind. Experiments to test this possibility are in progress. 

Finally, the observations of Hunt & Paintal (1958) on the effects of 
Group III fibres on fusimotor neurones (gamma fibres) must be kept in 
mind. 

The Group ITI band of afferent fibres can no longer be regarded as a 
homogeneous group of stretch fibres, owing to the presence of a fair number 
of fibres connected to pressure receptors (Fig. 4). For the present, the cen- 


tral effects of these receptors may be considered to be the same as those of 
the Group III ones. 


SUMMARY 

1. By recording impulses in fibres of known conduction velocity it has 
been established that the majority of Group III sensory fibres in lateral 
gastrocnemius, soleus and tibialis anterior muscles terminate in pressure 
receptors, very few in stretch receptors; in some no impulses could be 
aroused by mechanical stimuli. 
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2. The threshold of pressure receptors varied considerably. Most of 
them adapted rapidly to the stimulus. With a few exceptions they were 
not stimulated by stretching the muscle. Some yielded a variable number 
of impulses during a muscle twitch. Tetanic contraction of muscle pro- 
duced a low-frequency discharge in about half the pressure receptors. 

3. Most of the pressure receptors of tibialis anterior were located near 
the point of entry of the nerve into the muscle. In the lateral gastro- 
cnemius and soleus more were located near the musculo-tendinous region; 
others in the belly of the muscles. 

4. The pressure receptors of lateral gastrocnemius and soleus were 
connected to afferent fibres with conduction velocities ranging from 6 to 
91 m/sec. Most of them were connected to Group III fibres (maximum in 
the 10-15 m/sec range), some to Group II and very few to Group I fibres. 
There appear to be more Group III pressure receptors in tibialis anterior 
than in the lateral gastrocnemius and soleus. 7 

5. Some Group III pressure receptors were stimulated by introducing 
a hypodermic needle into the muscle at the localized site. Nearly all were 
stimulated strongly by injecting 0-5 ml. NaCl 6% (w/v) at this site; the 


duration of stimulation lasted about 2—5 min. 


6. It is suggested that the Group III pressure receptors may mediate 
the sensation of muscle pain produced by squeezing the muscle or injecting 
6% NaCl locally (Lewis, 1942); Groups I and II stretch receptors are not 
responsible for this pain. The Group III pressure receptors are probably 


not responsible for the pain of muscle ischaemia, because none of them 


were stimulated following asphyxia and cardiac standstill, some not even 
by tetanic contraction of muscle during this period. 


The work was supported in part by grant No. B 1320 from the Institute of Neurological 
Diseases and Blindness, Public Health Service, U.S.A. Iam grateful to the Rockefeller 
Foundation, New York, for a grant for equipment. 
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The object of the experiments to be described was to provide physio- 
logical data on the condition of the foetal monkey in utero and after de- 
livery, with particular regard to the cardiovascular and respiratory 
systems and the ability to withstand acute oxygen lack. A preliminary 
account of part of this work has been given elsewhere (Dawes, Jacobson, 


Mott & Shelley, 1960). | 


METHODS 
Observations were made upon twelve pregnant rhesus monkeys and their foetuses (of 


115-158 days gestation age) and on six monkeys from birth up to 8-12 days of age. Addi- 


tional information was also obtained from one monkey delivered vaginally, partly asphyxi- 
ated, at 117 days gestation, one 15-day-old monkey and two aged 1-2 years. 
Foetal monkeys. The pregnant females were anaesthetized with pentobarbitone (the 


_ initial dose required was usually 20-25 mg/kg), and an endotracheal tube was passed and 


fixed in position. The monkey was placed on a warm table, and covered with towels to 
reduce heat loss. Rectal temperature was recorded at intervals during the experiment. 


‘ The abdomen was opened by a paramedian incision. In the older foetuses (140, days gesta- 


tion or more) the head was deep in the maternal pelvis. The extent of the placenta was deter- 
mined and a foetal leg was withdrawn through a small incision in the uterus, so that a cathe- 
ter could be tied into the femoral artery. In four experiments an arm was also withdrawn 
through a separate incision and a catheter was tied into a brachial artery. In the younger 
foetuses (126 days gestation or less) the head was not yet fixed in the pelvis. The foetus was 
turned into a convenient position in utero, a small uterine incision was made over the neck 
and a catheter was placed in the carotid artery without removing the foetus from the uterus. 


‘This manoeuvre was performed because of the difficulty expected in cannulating the femoral 


artery in the smaller foetuses. . 
Blood samples (0-7—1-0 ml.) were withdrawn into a syringe, the dead space of which was 
filled with a solution containing 0-4 % heparin and 6 % (w/v) NaF. Blood pressure and intra- 
uterine pressure (from a saline-filled balloon introduced into the amniotic sac) were recorded 
with a mercury manometer. At the end of each experiment semples of heart, lung, liver, 
muscle and placenta were removed as rapidly as possible, usually in that order. 

In the first three foetal experiments the mother was killed so that samples of various 
tissues could: be obtained, and the skin was removed for the measurement of surface area. 
The nine subsequent experiments were performed with sterile precautions; the uterus and 
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the abdomen were closed after delivery of the foetus and placenta and the mothers made 
an uninterrupted recovery. 

New-born monkeys. The mothers were kept in an animal house at a temperature of 23-- 
26° C. The baby was removed as soon as practicable after natural birth and placed in a 
child’s incubator, maintained at 30° C and humidity 60-65 % and ventilated with room air. 
As birth usually took place at night, there was sometimes a delay of a few hours before the 
baby was placed in the incubator. During the first 24 hr after birth the monkey was not fed 
unless it showed signs of hunger, when it was given 10% glucose every 2 hr. For the next 
3 days it was fed on milk by bottle every 2 hr, and thereafter less frequently. After 8-12 days 
the monkeys were anaesthetized with pentobarbitone (initial dose 15-26 mg/kg) and an 
acute experiment was performed, after which samples of various tissues were removed. 


Oxygen consumption 

Unanaesthetized new-born monkeys were placed, according to size, in one of two cylindrical 
glass vessels 11-5cm high and 11-5 cm internal diameter, or 13-0 cm high and 13-5 cm 
internal diameter. They were given a small piece of rag to clutch and appeared more com- 
fortable when lying on a soft gauze pad. The top of the vessel was sealed by a cover pierced 
with three holes, one of which was blocked by a thermometer used to record the environ- 
mental temperature. The vessel was attached by the other two holes to a closed circuit, 
consisting of 1-3 aquarium aerators, a soda-lime container, a rotameter and a small 
volume recorder. The aerators were adjusted to give a total flow of 1-5—2-01./min. The 
combined volumes of either glass vessel and the external circuit were 1-3 and 2-01. before 
the monkey was placed in them, The float of the volume recorder was 6-5 x 5-0 cm? in area 
and this, with a pointer 36-5cm long, gave a sensitivity of 8-8 ml./inch (25cm). The 
rate of O, consumption was measured by recording, with a stopwatch, the time taken 
for the pointer to fall 1 in., during which time the O, content of the circuit would fall 
not more than 1%. Sufficient O, was then added to the system to return the pointer of the 
volume recorder to its initial level, and the procedure was repeated. At the beginning of 
each experiment O, was added to raise the initial O, content to 23-29%. The glass vessel 
and parts of the external circuit were immersed in a large water-bath, the temperature 
of which was controlled to within + 0-15° C by adding warm or cold water or ice by hand. 
The temperature of the volume recorder was noted at intervals, and all observations 
were corrected to and are expressed as at s.t.p. in dry air. After the monkey had been 
introduced into the closed circuit, and the temperatures of the bath and within the glass 
vessel had become steady, consecutive measurements of the time required to consume 8-8 ml. 
O, were made and plotted against time. The mean of ten such measurements, covering a 
period of 15-20 min, was taken as a single estimate of O, consumption, and such estimates 
were usually repeated two or more times at each environmeftal temperature. 

_ The O, content of the closed system was measured by withdrawing a 10 ml. sample at a 
time when the volume recorder pointer had reached the mid point of its excursion. This 
sample was analysed by the method of Gibson, Greenfield & Thompson (1953). The O, 
content of the system was reduced by refilling with air, instead of with O,, at the end of each 
excursion of the volume recorder, until the desired fall in O, content had been attained. The > 
O, content of the system was raised by opening it for a short while to the atmosphere and 
by running in O, from a cylinder. 

Anaesthetized new-born monkeys. The O, aoneumption was measured by attaching 4 
tracheal cannula in series with the system as described, including in it the glass vessel 
containing 500 ml. water. The total volume of the system was then similar to that used 
when an unanaesthetized monkey was placed within the glass vessel. 

_ Anaesthetized adult female monkeys. The O, consumption was measured by attaching an 
endotracheal tube in series with the system, including in it the empty glass vessel, but with 
a larger volume recorder (float 8 x 10 cm? area) and a larger gas flow (3-5 1. /min). 
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The surface area of new-born and adult monkeys was measured by removing the skin 
post-mortem, stretching it gently upon a sheet of cardboard of known weight per unit area, 
tracing the outline, and weighing the cardboard within the area of the tracing. 


Biochemical and histological methods 
‘Blood samples were analysed for O, content by the micro-method of Roughton & 
Scholander (1943). The O, content of fully saturated samples was also estimated, so that 
the percentage O, saturation could be calculated. The relative haemoglobin content of 
each blood sample was estimated by using a Beckman Model B spectrophotometer to 
measure the optical density at 540 mp of 0-03 ml. blood in 7-5 ml. dilute ammonia 
(ammonia (sp.gr. 0-9) 0:4 ml./100 ml.). These measurements were used to check the changes 
in oxygen-carrying capacity of the blood from one sample to another during the course of 
an experiment. 
Other biochemical and histological methods were those used by Dawes, Mott & Shelley 
(1959), with the exception that blood glucose and blood lactate determinations were made 
on the same extract, prepared by sodium hydroxide~zinc sulphate protein precipitation. 


RESULTS 
Observations on foetal monkeys 
The upper part of Table 1 shows the results of analysis of the first 


blood samples withdrawn from eleven foetal monkeys, that is, samples 
taken as soon as a catheter had been introduced into a carotid artery 


TaBLeE |. Analysis of arterial blood samples withdrawn from foetal and new-born 
monkeys 
With the exception of the three youngest foetal monkeys* (111, 114, 113), in which 
they were taken from a carotid artery, all samples were taken from a femoral artery. 
The lactate figures in parentheses indicate values observed an hour after the initial 
samples were withdrawn. 


Age Arterial Blood Blood 
Gestation from : lactate glu 
age birth Weight saturation (mg/ (mg/ 
Foetus No. (days) (days) (g) (%) 100 ml.) 100 ml.) 

1119 115 ee 200 60* 10 (14) 24 
1143 116 ts 226 77* 8 29 
113 3 126 ~~ 264 55* 17 26 
103 140 356 57 17 (13) 44 
106 3 140 sew 340 63 13 (11) 36 
112 3 141 ie 360 63 6 (10) 27 
105 3 142 seen 347 58 7 (8) 20 
1049 146 fe 394 54 16 (10) 34 
100 3 148 wes 387 56 26 (14) 36 
109 g 153 pene 401 62 7 (14) 20 

98 158 407 51 16 

Mean 29 
1109 145 — 528 15 68 32 
New-born No 

1019 162 395 7 (7) 

96 2 169 10 405 ol 11 (14) 
108 3 172 10 521 93 
1029 173 8 - 13 (14) 
107 174 9 5 

94 177 517 17 (12) 
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(in the three youngest foetuses) or a femoral artery (in the remainder). 
The figures (excluding those of No. 110 which will be considered separately) 
show that the O, content of the arterial blood in the foetal monkeys under 
pentobarbitone anaesthesia was high. The mean saturation in the femoral 
artery was 58%. There was no obvious variation with increasing gesta- 
tional age, but the femoral arterial O, saturation appeared to increase 
with the order in which the experiments were performed (as indicated by 
the numerals 98—112 in the left-hand column). 
In four foetuses after an initial femoral arterial sample had been 


80 


T T 


Brachial arterial O, saturation (%) 


T 


0 20 40 
Femoral arterial O, saturation (%) 
Fig. 1. Blood samples taken simultaneously from a brachial and a femoral 
artery in foetal monkeys. The O, saturation of blood from a brachial artery was 
always higher than that from a femoral artery. 


obtained (from a leg delivered through a small uterine incision) an arm 
was delivered through a separate incision and the brachial artery was 
catheterized. In a fifth foetus simultaneous blood samples were taken 
from a femoral and brachial artery after delivery from the uterus; these 
provided the two lowest measurements in Fig. 1. As Fig. 1 shows, the O, 
saturation of brachial arterial samples was consistently higher than that 
of femoral arterial samples withdrawn simultaneously, irrespective of the 
absolute level of the O, saturation. The blood from the brachial artery 
had an O, saturation which was on the average 9°% higher than that of 
femoral arterial blood. The highest values observed in the brachial or 
carotid artery were 79 and 77%. 

Figure 2 suggests that there was little change in the oxygen-carrying 
capacity of the blood during the last third of gestation or, indeed, after 
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birth. When individual values were compared, however, the oxygen- 
carrying capacity of foetuses of 140 days gestation or more was always 
greater than that of their mothers, by a mean of 15%. 

The estimates of blood lactate in Table 1 are accompanied by figures in 
parentheses which indicate the values observed 1 hr after the first blood 
samples had been withdrawn. Lactate is a slowly diffusible substance, 
and is only slowly removed from the blood stream after a period of muscu- 
lar activity or a hypoxic episode. It is therefore reasonable to compare 
the lowest foetal values observed with the range of values found in the 


vo = 10 

S 

120 140 160 0 20 1-2 Adult 

Gestation age (days) _ Days from birth Years 


Fig. 2. The oxygen-carrying capacity of the blood plotted against age 
for foetal, new-born, adolescent and adult monkeys. 


new-born monkey. It will be seen that there is no significant difference 
between these figures, an observation which suggests that, at least under 
pentobarbitone anaesthesia, the monkey foetus is not short of oxygen, 
and makes it doubtful that anaerobic glycolysis is a normal accompani- 
ment of intra-uterine life. The mean blood glucose concentration in foetal 
monkeys was 29 mg/100 ml. This is significantly less than that observed 
in new-born monkeys (49 mg/100 ml. in Table 1). There was no consistent 
difference between the lactate and glucose concentrations of simultaneous 
femoral and brachial arterial blood samples. 

When the uterus was first exposed within the abdominal cavity, con- 
tractions were infrequent and feeble. When the uterus was incised and the 
amnion opened, some fluid escaped and contractions became more regular 
and more powerful over the next 1-2 hr. During contractions the intra- 
uterine pressure rose by 5-15 mm Hg in monkeys which were not more than 


_ 126 days pregnant, and by up to 35 mm Hg later in pregnancy. The foetal 


heart rate, which was normally 150-170 beats/min, sometimes rose by as 
much 'as 20 beats/min at the peak of a contraction. In three foetal mon- 
keys of 140-153 days’ gestation a catheter was introduced into a femoral 
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artery and the leg, together with a saline-filled balloon, was returned to 
the uterus, which was then sewn up around the catheters and replaced in 
the abdomen. Blood samples taken from the femoral artery at or just 
after the peak of a uterine contraction consistently contained less O,, by 
from 1-5 to 9% O, saturation, than samples withdrawn during a quiescent 
period between contractions. 

During the course of the 1-2 hr following the first withdrawal of a leg 
from the uterus and the insertion of a femoral arterial catheter, the arterial 
O, saturation showed little change in some foetuses, whereas in others it 
fell considerably. In four foetuses in which it did not fall below 40% 
there was no significant change in blood glucose or lactate concentration. 
In foetuses in which the arterial 0, saturation fell to lower values, either 
as a result of deterioration of the mother or foetus during a long experi- 
ment, or as a result of delivery, the blood glucose and lactate began to 
rise. There was no fall in heart rate during gradually progressive hypoxia 
until the femoral arterial O, saturation had been below 10%, for some 
time. 

In order to deliver the foetus the uterine incision, through which a limb 
had been withdrawn, had to be lengthened by 3-4 times in order to admit 
the foetal head. As soon as the foetus was removed, the uterus contracted 
strongly. The placenta or placentas became easily visible as they presented — 
in the uterine incision. The colour of the blood in the umbilical vessels 
rapidly became darker and blood samples taken from a femoral artery 
as soon as practicable after delivery showed that the O, saturation had 
fallen to 8-32%. At this time the placenta had not separated; the foetuses 
sometimes made an occasional gasp, but were prevented from inhaling 
air by a saline-filled bag placed over the head. It was concluded that, 
because of the very strong contraction of the uterus and of the arrange- 
ment of the placenta, it was not possible to keep the monkey foetus in 
good physiological condition after delivery from the uterus. 

In'Fig. 3 are shown the weights of the twelve foetuses and six shorn 
monkeys plotted against gestation age, and also the weights of the placen- 
tas, including the membranes. It is evident that over the last 50 days 
of gestation the weight of the foetus approximately doubled, but that of 
the placenta and membranes showed little change. The weight of the mem- 
branes accounted for 12-25% of the combined weight of placenta and 
membranes. The weights of the uterus in three monkeys which were 140-158 
days pregnant were 85-121 g, i.e. much the same as the weight of the 
placentas. In five instances there was a single or conjoined placenta and in 
seven others the placenta was double, and the umbilical vessels ran first to 
one placenta and thence to a second. The weight of the second placenta was 
from 35 to 59% of the total. The number and arrangement of the vessels 
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joining the two placentas was very variable, but had one of these vessels 
been occluded or catheterized there would have been a risk of depriving 
the foetus of a substantial proportion of its placenta. 

The observations upon one foetal monkey were so different from those 
on any other that it has hitherto been excluded from consideration. This 
foetus (No. 110) was 145 days gestation age and this agreed with its sparse 
hair and general appearance, though it weighed 528 g, an exceptionally 
high value (Fig. 3). Meconium was present on opening the amnion, the 
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Fig. 3. The weights of twelve foetal monkeys (@) and of their placentas with 
membranes (©) plotted against conceptual age, together with the weights of 
six new-born monkeys (@). 


femoral arterial O, saturation was only 15%, and the blood lactate was 
68 mg/100 ml. The leg was returned to the uterus. During the next 1} hr 
the foetus deteriorated even further. The arterial O, saturation fell to 
2-8 %, the blood lactate rose gradually to 121 mg/100 ml., and the blood 
glucose from 32 to 65 mg/100 ml. The pulse rate was low, about 130/min, 
rising to about 160/min during uterine contractions of up to 35 mm Hg. 
The blood pressure was low, 33 mm Hg, falling to 18 mm Hg on delivery. 
The placenta,of this infant was large (134 g with membranes); it was the 


_only placenta to show infarcts, of which there were five, the largest being 


1 cm? in area. It was concluded that this monkey was grossly anoxic 
throughout the period of observation. 


The oxygen consumption of new-born and adult monkeys 


Without anaesthesia. Observations were made on six monkeys, un- 
anaesthetized, from birth until 8-12 days of age. Four of them (162- 
168 days gestation age) were above the average weight at birth, while the 
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other two (150 and 159 days gestation age) were below the average weight 
(Fig. 4). The monkeys were kept at an environmental temperature of 
about: 30° C and were fed with a milk mixture 2~3-hourly after the first 
24 hr (see Methods). There was usually a small loss of weight after birth, 
which was made up within a few days. The least mature infant, born at 
150 days gestation, was rather limp and did not suck well for the first 
2 days, and she was also the slowest to regain her birth weight (101, e 
Fig. 4). There is little doubt that the rectal temperature fell to a low value 
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Days from birth 
Fig. 4. The weights of the six monkeys, whose O, consumption was studied, 
plotted against age from birth. For comparison the contirruous line indicates the 
mean weights of nine monkeys born by normal vaginal delivery at 151 days gesta- | 
tion or more, and the interrupted line indicates the mean weights of seventeen 
monkeys delivered by Caesarean section at 157-161 days gestation, over the first 
7 days of life. : 


very soon after birth. In one monkey 16 min after a normal vaginal 
delivery it was 33-2°C; 2 hr later it had risen to 37-2°C. In the other 
monkeys it was 35-7-37° C when first measured 1-12 hr after delivery. 
In all except one the rectal temperature rose to 38° C or above by the 
fourth day from birth. 

New-born monkeys shivered visibly when they were placed in a cold 
draught. Five were placed in a cool environment within 6—18 hr of birth, 
and in all of them the rate of O, consumption, which was 9-3—12-5 ml./kg. 
min at an environmental temperature of 35° C, increased very greatly on 
cooling. In three monkeys at 22-24° C it rose to 22-27 ml./kg. min. An 
example of experiments on one monkey is shown in Fig. 5, which also 
illustrates the fact that feeding has little immediate influence on the result. 
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The neutral zone, at which O, consumption was minimal, was about 
35 + 1-5° C over the first 8-12 days of life in all six monkeys. Above this 
environmental temperature they became restless and O, consumption 
increased (Fig. 5). 

The rate of O, consumption at an environmental temperature of 35° C 
rose in the days following birth (Fig. 6). In all but the least mature 
monkey (101, @) it rose within the first 24 hr; in No. 101 it rose after. 
48 hr. Thereafter there was a progressive increase in all monkeys, which 
appeared to reach a plateau between the sixth and twelfth days from 
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Fig. 5. Monkey No. 94. The rate of O, consumption/kg body wt. plotted against 
the environmental temperature 5-10 hr from birth (©) and 29-35 hr from birth 
(@). This monkey weighed 470g at birth, 450g the next day, and was fed 2- 
3 hourly from 24 hr onwards. | 


birth. This process was not followed further because it was considered 
desirable, for other reasons, to perform an acute experiment upon the 
monkeys when 8~12 days old. With increasing age not only did the rate of 


O, consumption at 35° C rise, but also that at lower temperatures, even 


below the temperature of 30° C at which the monkeys were kept in their 
incubator (Fig. 7). 

_ Experiments were also carried out to test the performance of the appa- 
ratus for measuring O, consumption, and to see the behaviour of a new- 
born monkey during this procedure. Observations were made on each 
monkey for many hours during the first day after birth, and almost every 
day thereafter. The monkeys became quite familiar with the apparatus 
and usually lay down and went to sleep within a short while of being placed 
in the glass vessel. The respiratory rate did not change and gas analysis 
showed no evidence of CO, accumulation or of leaks. The lowest line on 
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(@), days of life. 
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Fig. 6. The rate of O, consumption/kg body weight at an environmental tem- 
perature of 35° C plotted against age from birth for six monkeys. The symbols used 
for each monkey correspond to those used in Fig. 4. 
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Fig: 7. Monkey No. 101. The rate of O, consumption/kg body wt. plotted against 
and the seventh and eighth 
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Fig. 8 (- — — -) shows the steadiness of the rate of 0, consumption of a 
new-born monkey at 35° C over a period of 2 hr. They only rarely became 
restless and the increase in oxygen consumption observed during such 
activity was usually less than 2-5 ml./kg.min. When a monkey was sub- 
jected to a low environmental temperature, 22-26°C, the rate of O, 
consumption at once increased. In some instances as in that shown in the 
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Fig. 8. Monkey No. 94. The rate of O, consumption/kg body wt. plotted against 
time from the last feed, at environmental temperatures of 35° C (— — — ~—), 22°C 
tus ) and 24° © ( ).. During the experiment at 24° C the O, content of 


the inspired gas was progressively reduced from 20-5 to 12-5%, and then raised 

to 20%, as indicated. 
upper line(. . . .) of Fig. 8 at 22° C, there was a gradual small decline in 
O, consumption during the first 14 hr of exposure; when this monkey was 
removed from the cold environment its rectal temperature had fallen from 
38 to 30-7° C. In other experiments on monkeys exposed to 24-26° C the 
decline in O, consumption was less, and the rectal temperature at the end 
of the experiment was 34-36:-7° C. : 

The effect of a decrease in the O, content of the inspired air was also 
examined. In four monkeys at an environmental temperature of 35° C a 
decrease to 10-14% caused no significant change in O, consumption. 
However, in a cool environment, in which O, consumption was raised, 
lowering the O, content caused a fall in O, consumption. Figure 8 ( ) 
shows the progressive fall in O, consumption of a 6-day-old monkey at 
24° C as the O, content of the inspired air was lowered below 16 o/. Under 
these experimental conditions the O, consumption fell towards the level 
observed at an environmental temperature of 35°C. Figure 9 shows the 
change in O, consumption of all six infant monkeys at an environmental 
temperature of 22-26°C, when the O, content of the inspired air was 
reduced. A temperature of 22-26°( was chosen because this was the 
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temperature range at which O, consumption was greatest (Fig. 5). Figure 9 
demonstrates that the O, content of the inspired air usually had to be 
reduced below 15% before there was a significant fall in O, consumption 
under these conditions. The symbols used in this figure initioadi the same 
monkeys as in Figs. 4 and 6; there did not appear to be any difference 
between the behaviour of the smaller (0, @) and the larger monkeys 
(© © @ 
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Fig. 9. The rate of O, consumption of six infant monkeys was measured at an 
environmental temperature of 22—26° C. The figure illustrates the decrease in O, 
consumption when the O, content of the inspired gas was reduced. The symbols used 
for each monkey correspond to those used in Figs. 4 and 6. . 


Under anaesthesia. When they were e-12 days old, the wii were 
anaesthetized with pentobarbitone, and O, consumption was measured at, 
the neutral temperature. Similar observations were made on eight anaes- 
thetized pregnant female monkeys. These observations are summarized 


in Table 2, which also shows the surface area of the infant monkeys and 


of three pregnant females. The O, consumption of the anaesthetized infant 
monkeys (mean 14-8 ml./kg.min) was consistently less than observations 
made without anaesthesia the same or the previous day (mean 18-7 ml./ 
kg.min). The mean O, consumption of the anaesthetized adult females was 
6-1 ml./kg.min. The surface area per kilogram body weight of the infant 
monkeys was more than double that of the adult pregnant females, and 
their rate of O, consumption per kilogram body weight was greater by an 
almost identical ratio. Thus, under these particular experimental conditions 
the rate of O, consumption per unit surface area was similar in both 
8—12-day-old monkeys and adult pregnant females. 


Cardiovascular and respiratory reflexes in infant monkeys 
Various observations were made on the six anaesthetized infant mon- 
keys after their O, consumption had been measured. The blood pressure 
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was recorded from a brachial or femoral artery. Figure 10, which includes 
values obtained from foetal monkeys, shows that the blood pressure 
rose gradually during the last third of gestation. The measurements 
on the infant monkeys have been plotted against their conceptual 


age rather than age from birth, because the mefikey (No. 101) which 


TaBLE 2, The oxygen consumption of anaesthetized infant (8—12-day-old) and 
adult female monkeys in the neutral environment 


Oxygen consumption 


New- Surface area 
No. (kg) (m*) (m?/kg) (ml./min) (ml./kg.min) m*.min) 
101 0-395 0-048 0-121 5°62 14-2 117 
96 0-405 0-047 0-116 6-92 17-1 147 
94 0-517 0-050 0-097 7-03 13-6 141 
108 @ 0-060 0-115 7-68 14-7 128 
102 0-531 0-058 0-109 8-22 15-5 142 
107 0-561 0-064 0-114 7-72 = SB 121 
Mean. 0-122 14:8 
Adult 
Q320 4-68 — — 32-2 6-9 — 
Q314 5-56. 0-275 0-049 
Q185 5-90 0-348 0-054 60-7 8-6 146 
H49 6°35 — — 36-7 5:8 — 
1168 7-28 — — 44-7 6-1 — 
Q 367 7°36 — — 44-3 6:2 — 
1514 8-11 0-402 0-049 39-3 4-9 98 
G816 8-43 — 5-4 
L242 8-64 — §2°5 . 6-1 — 
Mean 0-051 6-1 
é 
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Days from conception 


Fig. 10. The mean systemic arterial blood pressure plotted against age from 
conception for twelve foetal monkeys and for six infant monkeys 8-12 days after 
natural delivery (@). Both carotid arteries were occluded in the infants and the 
vertical lines indicate the rises of blood pressures observed. 
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had the least conceptual age (162 days) and the greatest age from birth 
(12 days) had the lowest blood pressure of the six infants. Occlusion of 
either carotid artery caused a rise of blood pressure. Simultaneous 
occlusion of both carotids caused rises (shown as vertical lines in Fig. 10) 
which were always greater than the sum of the rises observed when either 
was occluded independently. The rises of pressure on occlusion of both 
carotids were 21—48 °/, of the initial blood pressure. Bilateral section of 
the carotid sinus nerves in three monkeys caused a rise of blood pressure 
~ and abolished the rise of pressure on carotid occlusion. The experiment on 
the monkey (No. 101) with the least conceptual age has been used to 
illustrate this point (Fig. 11). 


7 
= 
a. 
40 


Minutes 


Fig. 11. Monkey No. 101, 395 g, born naturally at 150 days gestation age 12 days 
previously, pentobarbitone anaesthesia. Occlusion of both carotid arteries, 
indicated by the horizontal line, caused a rise of blood pressure (a). Denervation 
of both carotid bifurcations, between a and b, caused a rise of pressure, and occlusion 
of both carotids then had no effect on the blood pressure (b). 


In two monkeys the Hering—Breuer respiratory reflexes were investi- 
gated. When the intratracheal pressure was abruptly increased (by attach- 
ing the tracheal cannula to a 500 ml. reservoir in which the pressure was 
above atmospheric) breathing slowed and became deeper, or ceased; the 
minimal effective pressure change was + 5 to +7-5 cm water. When the in- 
tratracheal pressure was decreased, breathing became rapid and shallow: 
the minimal effective pressure change was — 5 cm water. When both cer- 
vical vagi were cut the respiratory rate fell from about 90 breaths/min 
(which is normal for an infant monkey) to 30-40 breaths/min, and became 
much deeper; there was no change in blood pressure. Vagotomy abolished 
the response to raising the intratracheal pressure, and very greatly reduced 
the response to lowering the intratracheal pressure. Stimulation of the peri- 
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pheral end of the left vagus caused a profound fall of blood pressure and 
heart rate (Fig. 12). | 

The foramen ovale, ductus arteriosus and ductus venosus. In all six infant 
monkeys, 8-12 days old, the foramen ovale was anatomically patent at post- 
mortem examination. Comparison with specimens from foetal monkeys 
suggested that anatomical closure had not begun. Nevertheless, during 
life the arterial blood was well oxygenated, with a saturation of 93-94%, 


B.P. (mm Hg) 


Fig. 12. Monkey No. 94, 517 g, born naturally at 168 days gestation age 10 days 
previously, pentobarbitone anaesthesia. Stimulation of the peripheral end of the left 
vagus nerve, indicated by the horizontal line, caused a profound fall of blood 
pressure and heart rate. 


in the two monkeys in which measurements were made (Table 1), so that 

very little blood can have been passing through it. The ductus arteriosus 
was closed, and a fine probe could not be passed. Each monkey was ex- 
amined during the first day of life with an ordinary stethoscope. In con- 
trast to new-born lambs, calves and foals, no murmur was heard. How- 
ever, in the monkeys the heart rate was high, 200-250 beats/min, and the 
chest was small. The ductus venosus was anatomically closed in all the 
infants; there was a small puckering in the portal sinus which marked the 
point of junction. The ductus venosus was patent in all the foetuses. 
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Acute asphyxia and anoxia 

Figure 13 shows that the time between the onset of acute asphyxia or 
anoxia and the last gasp decreased from over 20 min at about 120 days’ 
gestation age to less than 10 min at term. Foetal monkeys were asphyxi- 
ated by tying and cutting the umbilical cord on delivery; they were pre- 
vented from inhaling air by placing a rubber bag filled with saline over 
their heads. Figure 13 also includes a number of observations previously 
made by one of us (H.N.J.) in which the foetuses were asphyxiated by 
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Fig. 13. Time interval between the onset of asphyxia or anoxia and the last gasp 
in foetal and new-born monkeys of different ages. Foetal monkeys were either 
delivered within the amniotic sac, or had a saline-filled bag placed over the head at 
delivery, and the cord was clamped and cut immediately (@). Infant monkeys were 
given nitrogen to breathe (@). Five foetal monkeys were also asphyxiated by 
rapidly opening the chest and heart on delivery (0). 


delivery from the mother of the intact amniotic sac, in which the infants 
were kept until all respiratory efforts had ceased. New-born monkeys 
were made anoxic by exposure to 100% nitrogen. 

In five unasphyxiated foetuses the chest was at once opened on delivery 
and a piece of cardiac ventricle was removed. The circulation was thus 
rapidly brought to a halt and the interval of time to the last gasp (Fig. 13, 
©) was less than when anoxia was produced without arresting the circula- 
tion (Fig. 13, @). | 

Figure 14 illustrates the course of events when the umbilical cord was 
tied in a foetus of 141 days’ gestation age. The left-hand part of this figure 
(a) shows the pressure changes within the uterus recorded from a balloon. 
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The manometer was then transferred to a catheter in a femoral artery (6) 
and after four further uterine contractions had been observed the foetus 
was delivered, with a bag over his head, and the umbilical cord was tied 
at the second arrow. There was an abrupt rise of pressure of 5 mm Hg, 
followed by a more gradual further rise. The heart rate fell rapidly from — 
150 to 40-60 beats/min. Respiratory efforts began 25 sec after tying the 
cord and continued, becoming very rapid, for a little more than a minute. 
They ceased just over 2 min after tying the cord, and there was complete 
apnoea for the next 7} min. A succession of slow deep gasps then began, 
each of which was associated with a small fall of blood pressure (Fig. 14). 


H 


Pressure (mm 


Arterial O, saturation (%) 63 “e 
Blood glucose (mg/100 ml.) 27 ee 151 
Blood lactate (mg/100 ml.) 10 | 8.4 


Fig. 14. Monkey No. 112, 360 g, 141 days gestation age, pentobarbitone anaesthesia. 
Intra-uterine pressure was recorded from a balloon in the amniotic sac (a), and a 
blood sample was taken from a catheter in a femoral artery at the first arrow. | 
The manometer was then attached to the catheter to record foetal arterial pressure 
(6). The foetus was delivered, a saline-filled bag was placed over its head, and the 
cord was clamped and cut at the second arrow. Note in (5) the slow rise and 
gradual decline in blood pressure, with gasps which caused small brief falls in 
pressure. At the third arrow the chest was opened, a blood sample was removed from 
the heart and a piece of the ventricle was. taken for analysis. Time marker, 
2 min, 
These finally ceased 17} min after tying the cord, the blood pressure and 
heart rate gradually fell and at the third arrow the chest was opened 
and a sample of cardiac ventricle was removed. During the period of 
asphyxia the blood lactate rose from 10 to 78 mg/100 ml. and the blood 
glucose from 27 to 151 mg/100 ml. . 
The behaviour of foetus No. 110 of 145 days gestation age, which had 
been hypoxic for at least 1} hr in utero, was somewhat different. When her 
cord was tied on delivery there was a small rise of blood pressure which 
lasted less than 1 min. She started gasping at about 4 min and finally 
ceased only 7} min after the cord was tied. The heart was removed at 
10} min and contained only 0 0-2 mg carbohydrate/g, the lowest recorded. 
19 PHYSIO. CLII 
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During the period of anoxia the blood glucose rose from 65 to 150 mg/ 
100 ml. and the lactate from 121 to 155 mg/100 ml. 

In contrast, Fig. 15 illustrates the effect of anoxia in a monkey 9 days 
after birth. In the left-hand part of this figure (a) both carotids were 
occluded and there was a large rise of blood pressure; the carotid sinus 
reflexes were therefore functional. At the arrow in (b) the tracheal cannula 


was attached to a long, wide tube through which nitrogen was slowly 


running to waste. There was a brief rise of blood pressure followed by a 


B.P. (mm Hg) 


Arterial O, saturation (7%) 94 2 
Blood glucose (mg/100 ml.) 48 14 
Blood lactate (mg/100 ml.) 9 : 51 


Fig. 15. Record of femoral arterial pressure in monkey No. 107, 561 g, born 
naturally at 165 days gestation 9 days previously, pentobarbitone anaesthesia. 
Occlusion of both carotid arteries, indicated by the horizontal line, caused a rise of 
blood pressure (a). An arterial blood sample was taken between a and 6. At the 
arrow the tracheal cannula was attached to a long wide tube through which nitrogen 
was flowing. After a short while blood pressure fell precipitously and breathing 
ceased. After more than 2 min anoxia the monkey began to take a series of deep 
gasps (1, 2, 3, etc.) which gradually became feebler; the time of the last is indi- 
cated by the vertical line. A final blood sample was taken at the end of the 
record. Time marker | min. , 


profound fall, bradycardia and defaecation. .Respiratory efforts increased 
in frequency for about 0-75 min and then temporarily ceased. A series of 
deep gasps (of which the first three are denoted by numerals in Fig. 15) 
began 2} min after the onset of anoxia, became more frequent and shallow 
and finally ceased at 64 min (marked by the vertical line). Each of these 
gasps was followed by a rise of blood pressure. During the period of anoxia 
the blood lactate rose from 9 to 51 mg/100 ml., but in contrast to the 
foetus, the blood glucose fell from 48 to 14 mg/100 ml. The difference 
between the cardiovascular responses of the foetal and new-born monkeys 
to O, lack was particularly striking. 
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Observations were also made on the carbohydrate and lactate content 
of various tissues removed from monkeys after asphyxia, for comparison 
with those from unasphyxiated monkeys of similar ages. As Fig. 16 (0) 
shows, the carbohydrate content of the ventricles in unasphyxiated 
monkeys fell with increasing age, approximately to the same extent as 
did the survival time to the last gasp during asphyxia or anoxia (Fig. 13). 
The carbohydrate content of the ventricles fell to low values during O, 
lack (Fig. 16, @). The lactate concentration in the blood and tissues 
(heart, lung, liver, and in the new-born, skeletal muscle) rose in anoxia, 
but the increase in cardiac lactate was always greater than that in the 
other tissues. 
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Fig. 16. The carbohydrate concentration in the cardiac ventricles plotted against 
age for monkeys which were not asphyxiated (©), and for others which were 
partially asphyxiated (@) or severely asphyxiated (@). 


Whereas there was always a large fall in cardiac carbohydrate during 
anoxia, the changes in carbohydrate concentration in lung and muscle 
were of doubtful significance. There was a large reserve of liver carbo- 
hydrate (37-73 mg/g) in both foetal and new-born monkeys, even at the 
end of asphyxia or anoxia. The hyperglycaemia observed in foetal monkeys 
suggests that part of this reserve was liberated during anoxia. However, 
the figures for the total liver carbohydrate in unasphyxiated foetal 
monkeys covered so large a range (60-104 mg/g) that it was not possible 
to demonstrate a significant fall in anoxia. : 

The changes in tissue carbohydrate with age will be described elsewhere, 
but it may be noted that there was a decrease in lung carbohydrate 
concentration between 115 and 140 days gestation from about 15 to 


5 mg/g, and a further fall after birth. There were also considerable changes 
19-2 
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in skeletal muscle carbohydrate; the level was high near term (29 mg/g) 
and fell to near adult values after birth (10 mg/g). There was little carbo- 
hydrate in the placenta from 140 days gestation onwards ( < 3 mg/y). 
Histological examination of the tissues suggested that their glycogen 
content was proportional to their total carbohydrate content. 


DISCUSSION 
The foetal monkey — 

One of the problems in foetal physiology has been to iobbinateie and to 
provide some quantitative indication of normal physiological conditions, 
since hypoxia is so readily produced. In foetal lambs hypoxia caused a 
decrease in O, consumption, accumulation of blood lactate and a fall in 
blood pH when the femoral arterial O, saturation was reduced below 
50% (Acheson, Dawes & Mott, 1957; Dawes & Mott, 1959a). The normal 
value in lambs near term under barbiturate anaesthesia was nearly 60°. 
This figure is much larger than that usually recorded by obstetricians 
from the human umbilical artery at delivery, which only rarely exceeds 
40%. This discrepancy might have been due either to the experimental 
conditions or to species differences, for the uterus and placenta of the 
sheep are different from those of the primate. The fact that the femoral 
arterial O, saturation of the foetal rhesus monkey in utero was on the 
average 58%, with a blood lactate concentration as low as that in well 
- oxygenated new-born monkeys, suggests that the observations on monkeys 
_ and lambs gave a truer picture of the normal intra-uterine environment 
than did those on the human foetus after delivery. The sheep uterus does 
not contract violently on delivery of the foetus by Caesarean section, nor 
is the placenta rapidly expelled, and it is therefore possible to make pro- 
longed observations on the foetal lamb under good physiological conditions 


after delivery from the uterus. This is not possible in the monkey, in 


_ which the foetus rapidly becomes hypoxic on delivery. The observations 
of James, Weisbrot, Prince, Holaday & Apgar (1958) are consistent with 
the view that new-born human infants are almost always asphyxiated to 
some degree by the process of delivery, since the blood pH and buffer 
base rose progressively as they recovered during the first 24 hr after birth. 
Thus in primates it would seem that the only trustworthy evidence as to 
the normal intra-uterine environment is that obtained while the foetus 
is still on utero. 

The changes in intra-uterine pressure during uterine contractions were 
within the limits of those observed by Ramsey, Corner, Long & Stran 
(1959) in rhesus monkeys at different conceptual ages, becoming greater 


after the 140th day. At or after the peak of a myometrial contraction (of | 
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) ¥ bout 30 mm Hg) there was a small fall in foetal arterial O, saturation. 


i An explanation for this may be that the uterine veins were compressed 
). during a contraction, venous blood was dammed up in the placental pool, 
a the arteriovenous pressure difference was temporarily decreased and 


the mean O, content of blood in the intervillous spaces, and hence foetal 
O, saturation. There is evidence in other species that some such circulatory _ 
changes may occur in labour (Woodbury, Hamilton & Torpin, 1938; 
Woodbury, Hamilton, Abreu, Torpin & Fried, 1944; Caldeyro-Barcia, 
1957; Hendricks, 1958; Assali, Dasgupta, Kolin & Holms, 1958). 

{ Our knowledge of the course of the circulation in the foetus has 


uterine flow was reduced. These changes would have the effect of decreasing 


} relied very much upon experiments in artiodactyls. Huggett (1927) 
| showed that the oxygen content of blood in the carotid artery in foetal 
goats exceeded that in the umbilical artery, indicating that mixture of the 
blood streams within the heart was incomplete. These findings were 
confirmed in sheep by Barcroft, Barron, Cowie & Forsham (1940). In 


ws \ seventeen mature lambs the carotid blood had an O, saturation which 

Ss | was on the average 6°, (absolute) greater than that in the femoral . 
ul artery, and this difference was independent of the level of the O, satura- 
e tion between 30 and 80% (Dawes, Mott, Widdicombe & Wyatt, 1953; : 
1 Dawes, Mott & Widdicombe, 1954). This is very similar to the observa- j 
e 


" tions in foetal monkeys, where the mean difference in O, saturation was 
9%. 
: In the foetal monkeys arterial blood samples were obtained either | 
from a femoral or brachial artery (with only the limb delivered from the 
uterus) or from a carotid artery dissected within the amniotic cavity. 
Reynolds, Paul & Huggett (1954) and Chinard, Danesino, Hartmann, 
Huggett, Paul & Reynolds (1956) used another method which at. first 
sight has great advantages. According to them, 80% of rhesus monkeys 
have a double placenta. The vessels between the two placentas are out- 
side the amniotic sac and can therefore be*catheterized without loss of 
amniotic fluid or interference with the foetus. However, after our ad- 
mittedly limited experience we would not recommend this method. In 
only seven out of the twelve foetuses was the placenta double, and in these 
the second placenta weighed 35-59% of the total. Ligature of an artery 
of a size sufficient to catheterize might therefore exclude a very consider- 
able proportion of the placenta from the circulation; the exact proportion 
could only be determined at the end of the experiment. 
> In monkeys, as in sheep, goats, rabbits, guinea-pigs and rats (Barcroft, 
1946), there was very little increase in placental weight during the last 
j third of gestation, in contrast to the large increase in foetal weight 
» (Fig. 3): The arterial O, saturation and the oxygen-carrying capacity of 
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the blood also appeared to have reached a steady level during this period, 
although more observations nearer term would be desirable. In these 
respects the monkey is similar to the lamb under barbiturate anaesthesia 
(Born, Dawes & Mott, 1955, 1956). In lambs there was a rapid fall in 
oxygen-carrying capacity after birth, from over 15 ml./100 ml. down to 
about 10 ml./100 ml. In the monkey the change was very much smaller 
(Fig. 2). 

As Chinard ef al. (1956) found, there were negligible quantities of 
fructose in the blood of foetal rhesus monkeys. The blood—glucose con- 
centration was low, though over twice that in foetal lambs, and rose 
after birth, as in lambs (Shelley, 1960). Hypoxia or acute asphyxia 
caused a large increase in blood glucose in foetal monkeys. Similar obser- 
vations have occasionally been made in foetal lambs, but the immediate 
effect of acute anoxia in the latter was to cause a fall in blood glucose 
(Dawes et al. 1959). 

The new-born monkey 

At birth the rhesus monkey is covered with a thin fur, it grasps its 
mother firmly and is warmed by contact with her. During the first day or 
two it crawls about its incubator. By the end of a week its movements are 
well co-ordinated and it can move its head fairly steadily. Rhesus mon- 
keys normally show signs of hunger within 12-24 hr of birth and suck 
vigorously. In a cool environment they shiver, and can thus double their 
0, consumption, as do lambs. Human babies also can double their O, 
consumption under similar circumstances (Briick, Briick & Lemtis, 1958). 
However, new-born monkeys are small animals (only about 450g at 
birth as compared with a 2-5kg human baby or a 4kg lamb) and so 
although at 22—24° C their peak O, consumption may be as high as 25 ml./ 
kg.min within one day of birth, rectal temperature may yet fall consider- 
ably. For comparison, a new-born lamb will maintain its rectal temperature 
above 37°C in a similar environment with an O, consumption of only 
about 15 ml./kg.min. Calculation from the figures of Briick e¢ al. shows 
that the peak O, consumption of mature new-born human infants at 
23° C is less than 10 ml./kg.min; the rectal temperature of the very young 
babies fell below 35° C under these conditions. 

In anaesthetized foetal sheep the rate of O, consumption per unit body 
weight was about the same as that of anaesthetized adult ewes (Dawes & 
Mott, 1959a). In the human infant after birth the minimal rate of O, 
consumption per unit body weight (i.e. at 32-35° C) was also about the 
same as that of an adult, judging from the observations of Briick et al. 
(1958). Unanaesthetized monkeys had a mean minimal O, consumption. 
measured at 35°C as soon after birth as possible, of 10-7 ml./kg.min. 


This is considerably greater than the figure:of 6-1 ml./kg.min (Table 2), 
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for anaesthetized adult female monkeys. It remains to be seen whether 


this difference can be ascribed to anaesthesia. It is interesting to note 


that the neutral temperature of the new-born monkey, at which O, con- 
sumption is minimal, is less than that to which the foetus is exposed 
in utero. 


In puppies the calculated metabolic rate at the neutral temperature 
(about 33° C) increased more than threefold over the first 3-4 days after 
birth (Gelineo, 1954). In lambs, the rate of O, consumption at the neutral 
temperature increased nearly threefold during the first day of life (Dawes 
& Mott, 1959a); in monkeys it increased nearly twofold over the first week 
and this was associated with a steady rise in rectal temperature over the 
first 3-4 days. The lambs were in a very cold environment, usually well 
below 20° C; the monkeys were kept in an incubator at 30°C. In both 
species the rate of O, consumption per unit surface area in a neutral 
environment increased to a figure which was almost identical with that 
of adult females. We have no quantitative information as to the thermal 
insulation of either infants or adults. Nevertheless, it is tempting to 
attribute the increase in O, consumption of the infants to the fact that 


after birth they were placed in an environmental temperature consider- 


ably below that to which they were exposed in utero. The observations of 
Briick e¢ al. (1958) suggest that there was no increase in the metabolic rate 
of human infants at 32-35° C during the first week from birth, but their 
figures are few in number and more observations are now desirable in 
view of the animal data. | 

The effect of partial lack of O, upon O, consumption was similar to that 
described in new-born kittens and adult guinea-pigs (Hill, 1959), in young 
lambs (Cross, Dawes & Mott, 1959) and in rabbits (Adamsons, 1959). Thus 
in the neutral environment (at 35° C for infant monkeys) a reduction of O, 
content of the inspired air to as low as 10% caused no change in O, con- 


_ sumption, whereas in a cold environment (in which O, consumption was 


increased) there was a fall. Cross, Tizard & Trythall (1958) observed a 
17 % fall in the O, consumption of full-term human infants when they were 
given 15% O, to breathe. It is uncertain whether these human infants 
were below their neutral environmental temperature. There is in any 
event a quantitative difference between new-born monkeys and human 
babies, because in the former the O, content of the inspired air had to be 
reduced below 13% before there was a consistent fall in consumption. 
The blood pressure rose with increasing gestation age in the monkey to 
reach a@ mean value of about 55 mm Hg at birth. In the adult monkey 
it is usually 100 mm Hg or more. The lamb has a rather higher pressure at 
birth, about 65 mm Hg (Dawes, 1956). As in lambs and in rabbits (Dawes 
& Mott, 19596; Downing, 1960) a few of the principal cardiovascular 
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and respiratory reflexes were shown to be active after birth. The absolute 
rise of systemic pressure on occlusion of both carotid arteries in infant 
monkeys was, of course, much less than that seen in adult monkeys 
(Heymans, 1958: Papio cinocephalus and Cercocebus albigenae), but relative 
to the initial pressure it appears very similar (as judged by Heymans’s 
illustrations). 

Acute asphyxia and anoxia. The effect of acute anoxia upon infant 
monkeys was surprising. Whereas in the foetal monkeys asphyxia had 
produced a slow, well maintained rise in blood pressure accompanied by 
an increase in blood glucose, in the infant monkeys there was only a 
transient rise in blood pressure which was followed within less than 1 min 
by an abrupt fall, and the blood glucose also fell. There were differences 
between the experiments which require consideration. The foetuses were 
asphyxiated by tying the umbilical cord, and one would therefore suppose 
that the CO, content of the blood and tissues would increase somewhat 
before the available oxygen was exhausted. The infant monkeys were 
given nitrogen to breathe, and were thus able to excrete CO, so long as 
breathing contintied. The period of observation, before the blood pressure 
fell to a very low value, was also greater in the foetus than after birth. 
Yet none of these considerations suggest a wholly satisfactory explanation 
for the difference between the behaviour of foetal and new-born monkeys. 
Swann, Christian & Hamilton (1954) found that, as in the infant monkeys, 
there was an immediate rapid fall of blood pressure in 3~4-day-old puppies 
given nitrogen to breathe; the blood pressure only partly recovered 
about 3 min later, the blood pH fell below 7-0 and the calculated pCO, 
rose to a very high value. In foetal lambs acute asphyxia caused a 
preliminary rise of blood pressure, as in the foetal monkeys (Dawes et al. 
1959). In adult sheep and dogs acute anoxia also causes a very large rise 
of blood pressure, accompanied by a large increase in heart rate which 
was never seen in the foetal or new-born animals. The immediate fall of 
blood pressure on exposure to nitrogen therefore appears to be a character- 
istic of the new-born animal, according to the limited evidence yet avail- 


able. In the monkey this cannot be ascribed to the absence of reflex — 


control of the cardiovascular system. 
_ The observations on the changes in blood and tissue carbohydrate and 


lactate concentrations during anoxia emphasize the importance of the 


initial cardiac. glycogen reserves. The concentration of lactate in the heart 
after a period of anoxia was always greater than that in the blood or other 
tissues. Yet the increase in cardiac lactate represented only about one 
tenth of the carbohydrate lost from the heart (taking the mean cardiac 
carbohydrate and lactate in unasphyxiated monkeys of each age as the 
initial level). The calculated fall in cardiac carbohydrate was more than 
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sufficient to account for the total rise in cardiac and blood lactate (as- 


_ suming that the blood volume was 6% of body weight; Gregersen, Sear, 
_ Rawson, Shu Chien & Saiger, 1959) if all the carbohydrate had been con- 


verted to lactic acid. In foetal lambs similar calculations also led to the 
conclusion that the loss of carbohydrate from the heart could account for 
a very high proportion of the rise in lactate in the blood and tissues 
(Dawes et al. 1959). As in lambs and other animals, the survival time of 


monkeys during asphyxia or anoxia fell with increasing age by approxi- 


mately the same proportion as did the initial glycogen reserves of the 
heart. 
The observations on foetus No. 110, which had been hypoxic for a long 
while in utero, were interesting for two reasons. First the blood lactate 
had risen gradually to 121 mg/100 ml.; when the cord was tied on delivery 
this foetus did not take its last gasp for a further 74 min and the terminal ° 
blood and cardiac lactate levels were 155 mg/100 ml. and 5-2 mg/g, 
respectively. In the other foetal and new-born monkeys the blood lactate 
rose to only 51—91 mg/100 ml. and the terminal cardiac lactate was only 
2-0-2-7 mg/g after a period of anoxia which was continued to beyond the 


- last gasp; it is therefore unlikely that in them the lactate level was a. 


limiting factor determining survival, though it is probable that changes in 
tissue pH, about which we have no information, are of importance. 


_ Secondly, in foetus No. 110 the interval of time between tying the cord 


and the last gasp was much reduced as compared with monkeys of the 
same gestational age which were not previously hypoxic (Figs. 13 and 14). 
The insidious nature of the effect of prolonged hypoxia in utero is only too 
apparent, for while the danger was obvious from the measurements of 
foetal blood pressure, arterial O, saturation, blood lactate and even blood 
sugar, none of these would normally be available to the obstetrician. The 
fall in heart rate was comparatively small until delivery. The experience | 
with this unusual foetus provides a warning. Experiments on acute as- 


_phyxia represent only one of the hazards which may be encountered at | 


birth. It is possible that many foetuses are subjected to considerable 
periods of hypoxia before final delivery, and their capacity to survive may 
thereby be dissipated. 
SUMMARY | 
1. In foetal rhesus monkeys in utero under pentobarbitone anaesthesia 
the mean Q, saturation of femoral arterial blood was 58%. Brachial 


arterial blood was on the average 9% higher. On delivery the uterus 


contracted strongly and the arterial O, saturation fell considerably, even 

though the umbilical cord was intact. | Mee 
2. The foetal blood lactate concentration was similar to that in new- 

born monkeys, the blood glucose concentration rose after birth. The 
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oxygen-carrying capacity of the blood showed little change during the 
last third of gestation or after birth. 

3. The weight of foetal monkeys doubled during the last third of 
gestation, while that of the placenta and membranes showed only a 
trivial increase. 

4. New-born monkeys shivered and their rate of O, consumption was 
doubled when the environmental temperature was reduced from 35 to 
24° ©. The monkeys were kept in an incubator at 30° C and their rate of 
O, consumption in the neutral environment (at 35°C) almost doubled 
during the first 6-10 days after birth. 

5. In infant monkeys 8-12 days old the rate of O, consumption under 
anaesthesia was more than twice that of adult females when expressed 
per unit of body weight, but was about the same when expressed per 
unit of surface area. 

6. In infant monkeys a reduction in the O, content of the inspired air | 
to 10-14%" caused no change in O, consumption at an environmental 
temperature of 35° C, but at 22-26° C there was a fall. — 

7. In infant monkeys the Hering—Breuer inflation and deflation re- 
spiratory reflexes were present. The arterial blood pressure rose during 
gestation to reach about 55 mm Hg at birth. Occlusion of the carotid 
arteries caused a rise of pressure which was abolished by denervation of 
the carotid bifurcations. Stimulation of the peripheral end of the vagus 
caused a large fall of blood pressure and heart rate. 

8, In monkeys 8~12 days old the foramen ovale was still (anatomically) 
open, though probably functionally closed in vivo as judged by the high 
arterial O, saturation. The ductus arteriosus and ductus venosus were 
both closed. 

9. The effects of acute asphyxia and anoxia were compared in foetal 
and new-born monkeys. In young foetuses gasping continued for 20 min. 
or more and there was an initial gradual rise of blood pressure. Infant 
monkeys ceased gasping in 7-8 min and there was only a brief rise of blood 
pressure followed by a profound fall. The blood and tissue carbohydrate 
and lactate concentrations were measured, and were examined in relation 
to the decreased ability to withstand anoxia which was observed with 
increasing age. 

10. The observations are discussed in relation to what is known of the 


behaviour of foetuses and new-born infants of other species, particularly 
in sheep and man. 
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FORMATION AND CATABOLISM OF HISTAMINE IN 
CAT BRAIN IN VIVO 


7 By T. WHITE 
From the Institute of Physiology, University of Lund, Sweden 


(Received 18 January 1960) 


Experiments in vitro have shown that brain tissue possesses mechanisms 
both for the formation and for the catabolism of histamine (White, 1959). 
Formation of C-histamine from “C-histidine was demonstrated in brain 
tissue from cat, pig and dog and was highest in hypothalamus. Feline brain 
tissue also catalysed the catabolism of histamine, the major pathway 
being ring-N methylation of histamine. The present investigation was 
undertaken to find out whether these reactions, which are schematized in 
Fig. 1, also occur in the cat brain in vivo. The same isotope dilution tech- 
nique was used as in the earlier in vitro experiments. This technique per- 
mits the use of low, probably pharmacologically inactive, concentrations 
of the radioactive substances, and provides information as to the relative 
importance of the reactions by which histamine is metabolized. The 
method does not give absolute values for the tissue content of histamine 
nor of its metabolites. | . 


METHODS 


Cats of either sex weighing 2-5-4-5kg were anaesthetized with Na pentobarbitone 
(45 mg/kg 1.e.) The trachea was cannulated, and a polyethylene tube was introduced into 
a femoral artery for the collection of blood samples. The cerebral ventricles were perfused 
from the lateral ventricle to the cisterna magna, as described by Feldberg & Sherwood 
(1953) and by Bhattacharya & Feldberg (1957, 1958a), with some modifications in the can- 
nulation of the lateral ventricle. Through a skin incision part of the temporal muscle on one 
side was removed to free the parietal bone for trephining. The dura was exposed and 
punctured with a sharp needle at a point about 1 cm lateral to the mid line. The intraven- 
tricular cannula was introduced into the brain with some inclination towards the mid line. 
The cannula was prepared from a ‘Record’ type hypodermic needle (outer diameter 0-7 mm) 
with approximately 5 mm of nylon or polyethylene tubing (outer diameter approximately 
1 mm) fitted to the tip; the tubing was provided with side holes and the lumen was obliter- 
ated at the tip. The animal’s head was kept elevated by a holder. Communication between 


the cannula and the lateral ventricle was indicated by inflow of fluid varying synchronously — 


with respiration and by an instantaneous acceleration of flow on entering the cisterna 
magna. The position of the cannula was confirmed by dissection of the brain after the experi- 
ment. The cannula was either left in place during the dissection, or its track could be clearly 
seon’ on the cut surface as a line of minute blood points in the white matter. In some of the 
experiments the tip of the cannula had penetrated 1 mm or less into the floor of the lateral 

ventricle. In a few preliminary preparations, not used for experiments with radioactive 
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substances, a dye was injected through the cannula in position. The entire lining of the 
cerebral ventricles was stained, including the opposite lateral ventricle, but no staining of 
the brain substance was observed along the track of the cannula. In no instance did bleeding 
occur in the cannulated ventricle. In two experiments a faint tinge of blood appeared in 
the initial portion of the effluent as a result of damage to the dorsal surface of the medulla 
oblongata on puncturing the atlanto-occipital membrane. 

The cerebral ventricles were perfused with radioactive substances dissolved in Tyrode 
solution of the following composition (g/l.): NaCl 8-00, KCl 0-20, CaCl,6H,O 0-40, MgCl,6H,O 
0-20, NaHCO, 1-00, and NaH,PO, 0-06. The infusions were made with a motor-driven syringe 
at a constant rate. The infusion rate was 0-11 ml./min with the exception of experiments 
No. 4 and 5 in Table 1 (0-08 and 0-23 ml./min, respectively), and the total volume infused 


N CH.-N 
CH,° H, 


Methyl. Methylimidazole- 
histamine acetic acid 
*CH,*CH,°NH, 
H 


Imidazoleacetic acid 
Fig. 1. Diagram to show the chemical inter-relationships between the radioactive 
substances determined, The substances were labelled with a *C-atom in the 2- 
- position of the imidazole ring. For a full account of the various biological path- 
ways of histamine catabolism see Schayer (1959). 


was 4-5 ml. The effluent collected during the infusion exceeded this volume by some 10%. 
At the end of the perfusion with the radioactive substances the ventricles were perfused 
with 5 ml. of Tyrode solution at a rate of approximately 0-4 ml./min to wash out radioactive 
substances. For analysis the combined effluents were used. The whole brain including the 
cerebellum and the medulla oblongata down to the foramen magnum was excised (White, 
1959). 

The methods for measuring “C-histamine and its metabolites by isotope dilution tech- 
nique have been described. by Schayer and others and were similar to those used for the 
study on “€-histamine metabolism in brain in vitro (White, 1959). The brain tissue was 
minced, samples were taken for analysis, the respective carrier substances were added and 
the protein was precipitated with trichloroacetic acid. The brain samples were centrifuged 
three times and the combined supernatant fractions were collected, discarding the sediments. 
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Centrifugation proved more convenient than the filtration used earlier. The effluent was 
not treated with trichloroacetic acid and was not centrifuged; otherwise, it was prepared 
in the same way as the brain tissue. 

Histamine was extracted into n-butanol (Kahlson, Rosengren, Westling & White, 1958) 
from an alkaline aqueous solution saturated with Na,SO, and the butanol fraction was 


. extracted with HCl. In the experiments where “C-histidine had been infused the butanol 
fraction was shaken with a solution of non-radioactive histidine before the extraction with 


HCl. The acid phase was evaporated to dryness; this residue consisted mainly of histamine 


dihydrochloride from which histamine dipicrate was prepared. For further purification 


pipsylhistamine ‘was prepared and counted. | 


Methylhistamine was extracted into chloroform from an alkaline aqueous solution. 


saturated with Na,SO, (Rothschild & Schayer, 1958). After evaporation of the chloro- 
form to dryness, the residue consisted mainly of methylhistamine dihydrochloride; methy]- 
histamine dipicrate was prepared from it and counted. 

Imidazoleacetic and methylimidazoleacetic acids were separated from histamine and 
methylhistamine on a cation exchange column (Dowex-50) (Lindell & Schayer, 1958a). 
Pipsylimidazol tic acid and the picrate of methylimidazol tic acid were prepared and 
counted. All determinations of imidazoleacetic acid were preceded by acid hydrolysis of the 
samples, and the figures for imidazoleacetic acid therefore denote the total amount, free and 
conjugated. | 

The total radioactivity in the blood was assayed in a manner similar to that used by 
Schayer & Cooper (1956) for urine. The samples were precipitated with trichloroacetic acid 
and filtered, and the trichloroacetic acid removed by ether. A suitable portion of the filtrate 
was transferred to a small plate, dried and then counted in the flow-counter. To compensate 
for self-absorption of radiation the following procedures were employed: (a) a plate was 
prepared with an ‘infinitely thin’ layer of '“C-histamine and (b) the same amount of this 
4C-histamine was mixed with the sample and the mixture plated. The counts so obtained, 
together with the counts for the sample alone, were used to calculate the self-absorption, and 
the values for total radioactivity of '“C-compounds in the blood were accordingly corrected. 
These figures for total radioactivity should be regarded as estimates rather than exact values, 
because the extraction of the blood may have been incomplete. 

The measurements of the radioactivity of '‘C-histamine and its metabolites were made 
under conditions of infinite thickness in a gas-flow counter with a background activity of 
23-25 counts/min. The criterion of purity was constant radioactivity after repeated re- 
crystallizations. At least 900 counts were taken of each sample after each recrystallization, 
and 3-6 recrystallizations were needed to obtain constant radioactivity. Differences in 
counting rates smaller than those corresponding to 0-2-0-3% in Tables 1 and 2 are not 
significant. 

For the incubations of cerebrospinal fluid with “C-histamine and “C-histidine see White 
(1959). 

dihydrochloride and 'C-L-histidine, both labelled in the 2-position of the 
imidazole ring, were purchased from the Radiochemical Centre, Amersham, Bucks. All 
weights of the radioactive substances in the tables refer to the bases. For details of the 
“(histamine see White (1959). The \C-u-histidine gave 9-7 x 10’ counts/min/mg base at 
zero thickness measured in the flow-counter, and 1 yg of *C-histamine derived from this 
“O-histidine gave, after addition of carrier histamine and precipitation in the usual 
manner, 6500 counts/min/yg base, measured at infinite thickness in the flow-counter. When 
subjecting the “C-histidine to the usual procedures for measurement of *C-histamine, smal] 
quantities of “C-histamine were invariably found. The amount of “C-histamine was pro- 
portional to the amount of “C-histidine extracted. It was found that 1-24 mg “C-histidine 
(.e. one container as delivered by the manufacturer) contained 0-3 yg 4C-histamine and 
that the solution of “C-histidine used for the perfusion experiments contained “C-histamine 
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Methyl- 
M4C-hist- imid- 
Infusion amine azole- . azole- 
Expt. time i Hist- Methyl- _ acetic acetic Total 
no. (min) (ug) amine histamine acid | acid gee | 
| Effluent 16 5-6 0-7 0-0 
1 40 9 { Total brain 0-5 21 if: 0-3 is 
Effluent 82 3-6 0-3 0-3 
{Total brain 0-5 6-3 3-7 0-3 
| Effluent 55 3-3 0-3 0-1 
3 40 9 | Total brain 0-4 40 0-2) 69 
Effluent 69 1-0 1-1 
4 60 9 | Total heain 0-8 ll 12 1-0 101 
5 20 7 {Total be 70 2-0 0-3 0-4 
Total brain 0-3 5:5 5-4 0-3 
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in a concentration of 0-06 yg/ml. In each experiment with C-histidine a ) waxnple of the 
infused solution was therefore analysed for “C-histamine. 
Iproniazid was used in the form of ‘Marsilid’ ee Ltd., 


Basle). 
RESULTS 
Histamine catabolism 
It is known from experiments on conscious cats that large doses of 
histamine injected into the cerebral ventricles produce a variety of reac- 


tions (Feldberg & Sherwood, 1954), whereas smaller doses (15 yg) do not, 
apart from some licking movements. In the present investigation it was 


TABLE 1: Catabolism of “C-histamine in cat brain during ventricular perfusions. 
Percentage of infused '*C-histamine recovered as histamine and metabolites 


Percentage recovered as 


possible to use doses of radioactive histamine which were ‘sub-threshold’ in 
this respect and still large enough to contain radioactivity in amounts that 
could be conveniently assayed. It was found that 9 yg of “C-histamine in 
a concentration of 2 ug/ml. was suitable, and this was used in the majority 
of experiments. 


As can be seen in Table 1, in most experiments the greater part of the 


infused histamine appeared unchanged in the effluent. Experiment 1 is 
exceptional in that little histamine was present in the effluent. On the 
whole rather large variations were observed in the histamine content of the 
effluents, and thus in the total recoveries. The reason for this is unknown; 
a possible explanation could be that the infused fluid escaped in varying 
amounts into some ventricular or subarachnoid space not thoroughly 
drained by the cannula in the neck (Bhawe, 1958). In similar experiments 
on histamine Bhattacharya & Feldberg (1958b) using a slightly larger 
concentration obtained recoveries during the first 40 min of the same order 
of magnitude as those encountered in the present study. 
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It is evident from Table 1 that under the conditions of these experi- 
ments methylation is the principal pathway for histamine catabolism in 
the living eat’s brain, where only methylated !C-histamine derivatives are 
found. Little or no imidazoleacetic acid was formed. 


In two experiments cerebrospinal fluid was collected from two normal animals under 
anaesthesia. The fluid (2 ml.) was incubated with “C-histamine (0-5 yg/ml.) in phosphate 
buffer solution at pH 7-4 for 3 hr in air at 37° C. Ale, the incubation all the added “C- 
histamine was recovered. No methylhistamine, methylimidazol tic acid or imidazole- 
acetic acid could be demonstrated. It is therefore unlikely that the cerebrospinal fluid 
contributed to the catabolism of the infused “C-histamine. 

It is unlikely that the radioactive substances introduced into the brain are absorbed by 
the blood, carried to other parts of the body and then returned to the brain in an altered 
chemical form as the systemic blood during and just before the termination of the perfusion 
contained little or no radioactivity. In none of the experiments could radioactive histamine, 
methylhistamine or methylimidazoleacetic acid be demonstrated in the blood. In some of 
the experiments a tendency was observed towards an increase in the radioactivity of the 
blood during the course of the experiment. It was therefore desirable to keep the duration of 
the experiments short. The highest value observed for the total radioactivity (assayed from 
5 ml. portions) in the present series of experiments corresponded to about 0-01 % of the 
4(C-histamine administered/ml. blood. C-histamine has been shown to penetrate slowly or 


not at all from the blood into the brain in the rat (Halpern, Neveu & Wilson, 1959). 


Influence of iproniazid on histamine catabolism 

Iproniazid is an inhibitor of monoamine’ oxidase and is known to in- 
crease the content of some biologically active amines in the brain, such as 
5-hydroxytryptamine and noradrenaline (for references see Brodie, 
Spector & Shore, 1959). It has been shown that iproniazid in intact cats 
changes the catabolism of injected “C-histamine, as judged by the urinary 
excretion of 4“C-compounds, so that the formation of a radioactive hist- 
amine metabolite, later identified as methylimidazoleacetic acid, is sup- 
pressed (Schayer, Kennedy & Smiley, 1953; Schayer, 1956). [proniazid 
also inhibited the formation of !“C-methylimidazoleacetic acid in the cat 
brain after the administration of C-histamine. 

In the first two experiments (Table 2) iproniazid was dissolved in the 
ventricular perfusion fluid together with the “C-histamine but did not 
cause significant changes in the pattern of histamine catabolism. In - 


sthe third experiment a cat was injected on three successive days with 


iproniazid 100 mg/kg subcutaneously ; this dose is similar to that used by 
Schayer et al. (1953). The ventricular perfusion started about 2 hr after the 
last injection. After this treatment the formation of methylimidazole- 
acetic acid in the brain was completely inhibited. This rather large dose of 
iproniazid seemed to be somewhat toxic to the animal. The cat lost in 
weight and appetite, and on operation the tissues appeared dehydrated 


_and the blood showed brownish discoloration, similar to that given by 


methaemoglobin. It was therefore decided to perform a fourth experiment 
20 PHYSIO. CLIT 
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similar to the third, but reducing the dose of ipronizaid to 25 mg/kg. In 
this cat no toxic symptoms were noticed, but the effect on the catabolism 
of the infused histamine was the same, i.e. no acid 
was formed in the brain. 


Histamine formation 
- Histamine formation in the brain was demonstrated by perfusing the 


ventricles with “C-histidine and measuring the amount of !C-histamine- 
in the brain and in the effluent after the perfusion. Parallel determinations 


TasBLe 2. Effect of iproniazid on histamine catabolism in cat brain during ventricular 
perfusions with 9 ng “C-histamine for 40 min. Percentage of infused “C-histamine re- 
covered as histamine and metabolites 


Percentage recovered as 
Methyl- : 
azole- 
Hist- Methyl- acetic acetic To 
i acid _ reco 
Perfusion fluid eg Effluent 73 43 0-2 0-2 
tained ipreniass [Total brain 0-4 69 4-0 0-1 
0-2 mg/ml. | 
Perfusion fluid con- 
Effluent 70 5-0 0-2 0-3 
tained iproniazid 93 
Sunaial \ Total brain 0-8 12 4-6 0-4 
100 mg iproniazid/kg Effluent 60 31 0-0 0-0 
subcutaneousl {Total brain 0-5 13 0-0 oo} 
daily for 3 days 
25 mg iproniazid/kg Effuent 21 4:3 0-0 0-0 
subcutaneously 
daily for 8 days Total brain 0-4 11 0-0 0-0 


of: *C-methylhistamine were made. The results are shown in Table 3 
(Expts. 1-3). In these experiments the hypothalamus was analysed 
separately because this part of the brain had shown a greater histamine- 
forming capacity in vitro than-other parts (White, 1959). It is again 


evident from Table 3 that the hypothalamus contained higher concentra- 


tions of “C-histamine than the rest of the brain. 
. As mentioned in Methods the preparation of }4C-histidine used in these 
experiments contained an admixture of 'C-histamine. Although the 
content of C-histamine was relatively small it was not necessarily un- 
important because the percentage conversion to “C-histamine of the 
_Yather large quantities of 'C-histidine used was small. To evaluate the 
significance of the “C-histamine found in the brain, experiments were 
designed to establish whether the C-histamine infused in these experi- 
ments could account for the “C-histamine found in the brain. In Expts. 4 
and 5 of Table 3 a solution was infused that contained the same amount of 
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“C-histamine (0-06 ng/ml.) as that present in the “C-histidine solutions 
of Expts. 1-3 of Table 3. In Expt. 4 the perfusion fluid contained, in 
addition, non-radioactive L-histidine in the same concentration as that of 
the radioactive histidine in Expts. 1-3. It was found that this low con- 
centration of “C-histamine was not sufficient to lead to the appearance of 
4(-histamine or of “C-methylhistamine in the brain in significant quanti- 
ties. It was concluded that the “C-histamine found in the brain after 
perfusion with 0Q-histidine represented a true formation of histamine in 
the brain during the experiment. 


TaBLE 3. Histamine formation in cat brain during ventricular perfusions with “C-histidine 
for 40 min. The control Expts. 4 and 5 show the effect of a small amount of added “C-hist- 
amine (see text). The figures for “C-histamine and “C-methylhistamine denote ng/g tissue 
in the hypothalamus and in the rest of the brain, and ng in the total volume of effluent 


Solution 


4C-histamine “4C.methylhistamine 
no 


infused (ng/g) (ng/g) (ng) 


Hypothalamus 20 _* 
Rest of brain 2 
Effluent 
Hypothalamus 12 
Rest of brain <1 
Effluent 


2 


= 


Rest of brain 
Effluent 


S11 | 


Hypothalamus 0 
Rest of brain 0 
Effluent — 


| 
| 
ou 


Hypothalamus 
Rest of brain — 
Effluent — 150 — ll 


* Sample lost. 
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Blood samples collected in the experiments in which “C-histidine was infused were more 
radioactive than those collected in the preceding section when “C-histamine was infused. 
This is not surprising, as the amount of radioactivity infused in the form of *C-histidine was 
about 250 times greater. The radioactivity found in the different experiments corresponded 
to approximately 0-005-0-01% of the infused 'C-histidine per ml. blood, assayed from 
5 ml. portions. In none of the blood samples could '‘C-histamine or 4C-methylhistamine be 
detected. 

In one experiment cerebrospinal fluid was collected from a , normal animal under anaes- 
thesia. The fluid (2 ml.) was incubated with buffer solution and “C- histidine (10 pg/ml.) 
for 3 hr in air at 37° C. The content of “C-histamine in the sample after the incubation was 
the same as that of a blank incubated simultaneously. It was concluded that the cerebro- 
spinal fluid is unable to form histamine. 
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DISCUSSION 


The present experiments in vivo confirm the results obtained in vitro 
(White, 1959) and show that ring-N methylation is the major pathway for 
histamine catabolism in the cat’s brain. On the other hand, the present 
experiments show a proportionally greater oxidation of methylhistamine, 
i.e. formation of methylimidazoleacetic acid. A purified enzyme catalysing 
ring-N methylation of histamine has been prepared from mouse liver by 
Lindahl (1958) and from several mammalian tissues, including cat brain, 
by Brown, Tomchick & Axelrod (1959), who named this enzyme imidazole- 
N-methyl] transferase. The methylation of histamine observed in the pre- 
sent experiments might conceivably be due to the action of such an en- 
zyme which appeared to methylate practically all radioactive histamine in 
the brain tissue. The question arises whether this methylation converts 
this biologically active substance into another also active, or whether it 
merely reduces the amount of active material by converting it into an inert 
- substance. This question cannot be settled until more is known about the 
effect of methylhistamine on brain function. No major difference in 
methylating capacity has been observed in vitro between different parts 
of the cat brain (Brown et al. 1959; White, 1959). 

Several studies indicate that the oxidation of methylhistamine to form 
methylimidazoleacetic acid is effected by an enzyme resembling mono- 
amine oxidase (Davison, 1958; Schayer, 1959), and it seems reasonable 
to assume that this is also true in the present experiments. The effect of 
iproniazid provides supporting evidence. Iproniazid injected subcutane- 
ously abolishes the formation of methylimidazoleacetic acid from infused 
radioactive histamine, but it does not produce a pronounced effect on the 
amount of radioactive histamine found in the brain, because the hist- 
amine is, in fact, still almost completely methylated. On the other hand, 
it seems that endogenous brain histamine has a fate different from hist- 
amine introduced into the brain by ventricular perfusion. In the experi- 
ments on histamine formation from radioactive histidine, less radioactive 
methylhistamine was found in proportion to radioactive histamine than 
in the experiments in which radioactive histamine was infused. The newly 
formed histamine in the living brain may be less readily attacked by the 
methylating enzyme than is administered histamine. Another, less likely. 
explanation for the small amount of methylhistamine could be that the 
methylhistamine is very rapidly converted to methylimidazoleacetic acid ; 
this substance.could not be determined in the experiments with radioactive 
histidine because of the limitations of the method, as discussed by Lindell 
& Schayer (19585). | 

The catabolism of radioactive histamine in the brain was not greatly 
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affected by iproniazid infused into the ventricles, whereas a complete 
inhibition of formation of methylimidazoleacetic acid resulted from sub- 
cutaneous injections of iproniazid. One reason for this difference may be 
that the doses of iproniazid were too low; on the other hand, the highest 
concentration used was about 100 times greater than that known to 
inhibit monoamine oxidase in vitro (Davison, 1958). Possibly iproniazid 
does not penetrate into the brain from the ventricular fluid rapidly enough 
to become effective in these experiments of rather short duration, or it may 
require a longer contact with the enzyme to produce inhibition. 

The present results provide little information on the location within the 
brain of the substances and reactions studied. It is probable that the 
structures near the ventricles come into closer contact with the perfusion 
fluid and therefore contain more of the radioactive substances. It does — 
not therefore seem justified to conclude from the present experiments that 
the hypothalamus is more active in forming histamine than other parts 
of the brain, but only that the present findings are consistent with a high 
histamine-forming capacity there, as already found in vitro (White, 1959). — 

High concentrations of monoamine oxidase are present in some regions 
of the mammalian brain, including the ependyma (Arioka & Tanimukai, 
1957). However, it is unlikely, that the formation of methylimidazole- 
acetic acid in the present experiments took place in the very walls of the 
cerebral ventricles, because the formation of methylimidazoleacetic 
acid was unaffected when iproniazid was given intraventricularly and 
because no methylimidazoleacetic acid escaped into the perfusion fluid. 


SUMMARY 


1. In anaesthetized cats the cerebral ventricles were perfused with 
radioactive histamine. Most of the infused histamine appeared in the 
effluent, but part of it entered the brain substance. 

2. It was found that in the brain histamine was converted to methy]l- 
histamine (1-methyl-4(8-aminoethyl)-imidazole) and methylimidazole- 


. acetic acid (1-methyl-imidazole-4-acetic acid), showing that ring-N 


methylation is the principal pathway for histamine catabolism in the cat’s 
brain. 

3. The formation of methylimidazoleacetic acid was inhibited by 
iproniazid injected subcutaneously. No inhibition occurred when iproni- 
azid was infused into the cerebral ventricles together with the histamine. 

4. Histamine formation in the brain was demonstrated by the appear- 
ance of radioactive histamine in the brain after ventricular perfusion 
with radioactive histidine. 

5. The possibility is considered that in the brain the catabolism of 
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newly formed histamine is different from that of histamine administered 
to the brain. 


The investigation was supported by a grant from the Medical Faculty, University of 
Lund, Sweden. I am grateful to Miss Greta Oredsson for technical assistance. 
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THE ANTAGONISM BETWEEN TUBOCURARINE AND SUB- 
STANCES WHICH DEPOLARIZE THE MOTOR END-PLATE 


By D. H. JENKINSON 
From the Department of Biophysics, University College London 


(Received 20 January 1960) 


It is well known that acetylcholine (ACh) depolarizes the end-plate region 
of skeletal muscle, and that this action can be blocked by tubocurarine 
(Cowan, 1936; Kuffler, 1943). By using the contracture response of the 
frog’s rectus as a measure of drug action, several workers (van Maanen, 
1950; Kirschner & Stone, 1951; Ariéns, van Rossum & Simonis, 1956) 
have studied this antagonism quantitatively, concluding that these and 
several related substances compete for receptors at the end-plate, as 
originally proposed by Langley (1905). In the present work the action of 
tubocurarine has been examined by the more direct method of determining 
the effect of known concentrations on the end-plate depolarizations evoked 
by bath-applied ACh or carbachol. Extracellular recording was used for 
the most part, but in some experiments micro-electrodes were employed to 
measure the responses of single fibres. In this way it was found that 
individual end-plates have similar affinities for tubocurarine. — 


METHODS 


The sartorius, ext. long. dig. IV and rectus abdominus muscles of Rana temporaria were 
used throughout the year, at room temperature (19—-23° C) unless stated to the contrary. 
Some experiments were made on nerve-sartorius preparations and others on chronically 
denervated muscle. 


Procedure with external electrodes 


In much of the present work a liquid—air interface was used as an extracellular electrode 
with which to measure the response of the end-plate region of the m. ext. long. dig. IV to 
depolarizing agents (Fatt, 1950). Typical records obtained in this way are shown in Fig. 1. 

During the course of an experiment the muscle was exposed to either ACh or carbachol 
at intervals of from 7 to 10 min. The response to a given concentration of agonist gradually 


» fell; if the rate of decline was greater than a few per cent per hour, an allowance was made 


by expressing other depolarizations as fractions of the interpolated response to the test dose 
at the appropriate time. Depolarizations greater than 40-60% of the maximum value 
evoked by a large concentration of agonist appeared to quicken the normal slow decline in 
response, and were avoided. It was found important to make a frequent check of the poten- 
tial difference occurring along the muscle in the absence of any depolarizing agent. This 
‘injury potential’ was occasionally observed to change spontaneously, and quite suddenly, 
by as much as 1 mV. : 
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It has recently been shown (Gray, 1958) that in the m. ext. long. dig. IV of the frog from 
6 to 20% of those fibres of diameter greater than 10y have the ‘Felderstruktur’ taken by 
Kriiger (1952) to be characteristic of slow fibres. However, this should not complicate the 
use of the muscle in the present experiments since these fibres, having a distributed innerva- 
tion, will be fairly uniformly depolarized by ACh applied over their whole length. They should 
thus contribute little to potential gradients along the muscle resulting from depolarization 
of the discretely localized end-plates of the twitch fibres. 


(3) (4) 


Fig. 1. Upper records: the potential developed (at time of maximal response) 
along the m. ext. long. dig. IV of the frog on the application of solutions con- 
taining (1) 2-9, (2) 2-3, (3) 5-8 10-*m-carbachol. (4) shows the small ‘injury 
potential’ observed in the absence of any depolarizing agent. Extracellular 
recording. Abscissa, distance along muscle (cm). . 

Lower record: the action of ACh (5-8 x 10-®m, in the presence of 4-7 x 10-*m 
tubocurarine) on the membrane potential at the end-plate region of a superficial fibre 
of the frog’s sartorius. Resting potential of fibre 93 mV. Time marker 5 sec. The 
electrical threshold of the fibre has been raised by including twice the normal con- 
centration of Ca, and 4 mm-Mg, in the bathing fluid. Prostigmine 10-* g/ml. present 
throughout. 
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Procedure with micro-electrodes 


The responses of single end-plates in the sartorius were recorded as described by Fatt & 
Katz (1951). The muscle lay in a small rectangular groove just covered by a continuously 
flowing stream of fluid, the composition of which could be changed within a few seconds 
by means of a six-way tap (similar to that described by Hodgkin & Horowicz, 1959), 
mounted in direct contact with the bath. Movement artifacts were reduced by clamping 
the assembly of bath and tap to the base of the micro-manipulator. With this arrangement 
it was possible to keep a micro-electrode in a fibre for over an hour, during which period the 
composition of the fluid could be changed many times. 

A record obtained in this way is shown in the lower part of Fig. 1. It was noted that the 
responses to ACh and carbachol, and the action of tubocurarine, developed with approxi- 
mately exponential time courses, which did not depend on the rate of flow unless this was 
very small, For a given substance, the half-times to maximum response varied greatly from 
end-plate to end-plate, e.g. with ACh values of 2-15 sec were observed. It was noted in 
three experiments that the action of tubocurarine developed at about half the rate of that of 
ACh, as would be expected if the time courses were determined by diffusion (del Castillo & 
Katz, 1957). 

Solutions 

The Ringer’s solution had the following composition (mm): Na, 117; K, 2-1; Ca, 1-8; 
Cl, 121-0; phosphates, 2, to give pH 7. Acetylcholine chloride (Roche) was made up freshly 
for each experiment and was always used in the presence of neostigmine methyl sulphate 
(Prostigmine, Roche) 10-* g/ml. At least an hour was allowed for the development of the 
action of the latter substance. Carbaminoyl] choline chloride (Carbachol) and tubocurarine 
chloride were obtained from Burroughs Wellcome and Co. Dimethyl tubocurarine was 
supplied by Allen and Hanburys, Ltd. 


THEORY 

If the antagonism is competitive, either agonist or antagonist may 
combine with the receptor sites (R). The relationship between the number 
of sites occupied by the agonist and the depolarization which results is not 
known with any certainty. However, it may be shown that the following 
expression should hold if two concentrations, [A] and [A]’, of agonist 
give the same response in the presence and absence respectively of a 
concentration [I] of the antagonist: : 
KIT 
[Ay 1 = (1) 
where K is the affinity constant of the reaction R+I = RI (Gaddum, 
1943). This relationship is based on the assumptions that only one mole- 
cule may combine with each site, and that equal responses correspond to 
equal numbers of sites occupied by the agonist. It will be shown that 
equation (1) describes the experimental results over a large range of con- 
‘centrations. 

Most, if not all, depolarizing and blocking agents are cations at physio- 
logical pH. This suggests that the receptor sites are anionic, and the possi- 
bility exists that they may possess some affinity for one or more of the 
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inorganic cations included in the bathing fluids. If this is the case, a 
modified form of equation (1) would be expected to apply. 
In the presence of one such cation, M, assumed to be at a fixed concentration, [M|, 
throughout, three equilibria must now be considered: 
A+R SRA (affinity constant K,), 
I+R (affinity constant K), 
nM+R <RM,, (affinity constant K,,), 
where A is the agonist, and n the number of molecules of the inorganic ion which may 
combine with each site R. (RM,, like RI, is taken to be inactive.) 
Applying the law of mass action, it is found that 
[RA] _ 
where [R], is the total number of receptors. Again assuming that equal responses corre- 
spond to equal numbers of sites occupied by agonist, the depolarization equivalent to 
[RA] will be elicited, in the absence of antagonist, by a concentration [A]’ of agonist where 
[RA] _ (3) 
My’ 
From (2) and (3) it follows that the expression equivalent to equation (1) is 
[AY 1+K,,[My" 
Equation (a) can only be applied when the identity of M, and its affinity 
for the receptor, are known; in the present work, ‘affinity constants’ 
have been calculated by using equation (1). It should be noted that the 
values of K so derived correspond to the true affinity constant only if 
K,,{M]" < 1. If on the other hand, K,[M]" > 1, so that a negligible 
number of sites are left unoccupied, equation (4) approximates to 


{A} 
= K’ 
where K' (= K/K,,) is the equilibrium constant of the reaction 
I+ RM, = RI+mM. The combination of the drug with its receptor would 


then be described as an ‘ion exchange reaction’, as first suggested by 
Ing & Wright (1932). 


(4) 


RESULTS 


The first experiments were made with the m. ext. long. dig. IV of the 
frog. The aim was to obtain a measure of the effect of tubocurarine on the 
response to depolarizing agents. The muscle was exposed to a series of 
solutions containing ACh, or carbachol, and the resulting depolarizations 
of the end-plate region were measured by using a liquid—air interface as an 
extracellular electrode (see Methods). Dose-response curves were deter- 
mined with and without tubocurarine in the bathing fluid. A typical 
experiment of this kind, summarized in Table 1, is illustrated in Fig. 2. 

To determine if equation (1) applies to the antagonism, the measured 
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TaBLE 1. Time course of an experiment to test equation (1). Col. 3 lists depolarizations of 
the end-plate region of m, ext. long. dig. IV produced by the concentrations of carbachol 
shown in Col. 2 ({A]). During the first 36 and the last 60 min no tubocurarine was present ; 
from 36 to 96 min 2 x 10-*m, and from 96 to 160 min 4 x 10-*m, tubocurarine was included 
in all solutions. To allow for the slow decline in end-plate response with time, depolarizations 
have been expressed (Col. 4) as a fraction of the interpolated response to an arbitrary 
standard dose (1-08 x 10-'m) of carbachol, as described in Methods. The values listed in 
Col. 6 were calculated from the ratios of [A] to [A]’ by using equation (1) (see text) 


Responses, as 
fraction of 
that to 
Times 1-08 x 10-5u [A]’ K 
(min) (x 10-*m) carbachol ( x 10-*m) ( x 10°m-*) 
0 7-2 0-615 
7 3-6 0-22 
15 9-0 0-82 _ ~— 
25 5-4 0-415 
34 10-8 1-00 — 
62 42-6 0-71 8-2 2-10 
71 54-0 0-845 9-45 2-35 
83 24-8 0-29 4:3 2-45 
92 33-5 0-47 6-0 2-30 
120 91-5 0-78 8-85 2-30 
130 40-5 0-25 3-90 2-35 
141 71-5 0-54 6-65 2-40 
158 53-9 0-38 5-1 2-40 
200 10-8 1-00 
1:0 
2 
§ 08 
06 


4 6 8 10 
[Carbachol] (x 10-5 ) 


Fig. 2, Plot data listed in Table 1. Two of the lines, those referring to depolarizations 
measured in the presence of antagonist, have been constructed from the remaining 
one by introducing the best value of K (2-4 x 10°m~; see legend to Table 1) into 
equation (1). 
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depolarizations were plotted against the concentration of agonist, as in 
Fig. 2, and a line (which was often, as in this particular case, straight) 
was drawn through those points obtained in the absence of tubocurarine. 
This was used to determine for every other point the concentration [A] 
of agonist which would have given the same response had there been no 
antagonist present. Equation (1) could then be tested by using it to cal- 
culate a value for K, the affinity constant for tubocurarine, from the ratio 
[A]/[A]’. The values obtained should be the same for each point. It may 
be seen from Col. 6, Table 1 that this was so for the experiment of Fig. 2. 


1000 + 


100 F 


i L 
10-7 10-5 10~* 
[Tubocurarine] (M) 
Fig. 3. Results of a series of experiments to test the applicability of equation (1) 
over a range of antagonist concentrations. Procedures as described in text. No 
more than two points determined with any one muscle. ACh as agonist; pro- 
stigmine 10~* g/ml. included in all bathing fluids. Log. scales. 


A series of such experiments were made to test equation (1) over a wider 
_ range of antagonist concentrations. As before, dose—depolarization rela- 
tionships were determined with and without tubocurarine in the bathing 
fluid. In each experiment, the ratio [A]/[A]’ was calculated (for a given 
concentration, [I], of the antagonist) at three levels of end-plate response ; 
generally depolarizations of about 10, 20 and 40 % of the maximum value 
were chosen. The three values of [A]/[A]’ were averaged (see next para- 
graph) and the mean, less unity, is shown plotted against [I] in Fig. 3. 
The line has been drawn according to equation (1), with K equal to 
2-20 x 10°m-, this being the mean value obtained in six experiments in 
each of which the same concentration of tubocurarine (1-27 x 10-*m) was 
used. The good agreement between the theoretical line and points measured 
at other concentrations shows that equation (1) holds over a several 
hundredfold range of values of [I]. There is some deviation with more than 
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5x 10-°m tubocurarine. This is probably related to the finding that the 
drug in such large concentrations appeared to quicken the normal slow 
decline in response. 

If the assumptions on which equation (1) is based are correct, experi- 
mentally determined values of the ratio [A]/[A]’, and so of K, should be 
independent of the level of end-plate depolarization at which the measure- 
ments were made. This point was checked by a further analysis of the 
experiments described in the preceding paragraph. For each [I], two 
values of K were calculated from the [A]/[A]’ ratios measured for depolari- 
zations which were approximately 10 and 40% of the maximum value 
obtainable with a large dose of agonist. The means of these values were 
found to be 2-09 + 0-09 (s.z. of mean) and 2-23 + 0-09 x 10°m-1 respectively 
(10 experiments). These agree sufficiently well to justify averaging [A]/[A]’ 
ratios obtained at several different levels of response of a given muscle. 

A further test of equation (1) was made by comparing affinity constants 
measured using (a2) ACh and (b) carbachol as a depolarizing agent. Since 
only a ratio of agonist concentrations need be known, the values should 
be similar. In four experiments with carbachol, the affinity constant for 
tubocurarine was found to be 2-40 + 0-03 x 10®m-!, and with ACh, in the 
presence of 10-* g/ml. prostigmine, 2-20 + 0-05 x 10®m- (six experiments). 
In three control experiments with carbachol, also with 10-* g/ml. prostig- 
mine, a value of 2-3+0-1x 10m! was obtained. The good agreement 
between these figures provides additional evidence that equation (1) may 
be applied to the action of tubocurarine. 


Study of the antagonism at single end-plates 

The experiments described in the previous section showed that a re- 
producible index (K, equation (1)) of the action of tubocurarine could be 
determined through the use of electrical recording methods. However, 
extracellular recording from a whole muscle can provide only limited in- 
formation about the responses of individual end-plates. If these were to 
differ in their affinity for tubocurarine, the ‘affinity constant’ determined 
by using this technique would represent a mean value for the fibre popula- 
tion. To find whether the end-plates do vary in this way, a series of 
experiments was made in which the antagonism between carbachol and 
tubocurarine was studied by recording the responses of single fibres in the 
frog’s sartorius (see Methods section). As in previous experiments, similar 
depolarizations were evoked in the presence and absence of a known con- 
centration of tubocurarine. In all cases Mg was added to the bathing 
fluid, or the concentration of Ca increased, in order to raise the electrical 
threshold of the muscle fibres. This was to prevent twitching on the appli- 
cation of comparatively large concentrations of carbachol. Three such 
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experiments are illustrated in Figs. 4a, b and c. As before, affinity con- 
stants were calculated from equation (1). Values obtained in eight experi- 

‘ments of this kind are listed in Table 2. It can be seen that K does not 
vary greatly from end-plate to end-plate, and that the mean value, 
1-37 x 10°m-, agrees well with that obtained on recording externally from 
the whole m. ext. long. dig. IV (Table 4, rows 3 and 4). 


23r- 
é a b 
20r 
a 
“0 
[Carbachol] (x1075 m) 


Figs. 4a, b and c. Determination of affinity for tubocurarine of three separate end- 
plates. Micro-electrodes were used to measure the depolarizations produced by 
different concentrations of carbachol applied with (@) and without (©) 1-27 x 10-*m 
tubocurarine in the bathing fluid. The resting potential of the fibre of Expt. a 
was 82 mV at the beginning, and 76 mV at the end. The corresponding figures for 
Expts. b and c were 82 and 78, and 94 and 90 mV, respectively. To raise the thresh- 
hold, 3x the normal concentration of Ca was included in the Ringer’s fluid of 
Expt. a, and 8-6 mm-Mg in that of Expts. 6 and c. The values obtained for K are 
included in Table 2. 

Inset to Fig. 4c; records of depolarizations produced by 2-2 x 10-'m carbachol at 
the beginning and at end of Expt. c; this end-plate responded particularly slowly 
to the depolarizing agent. Voltage and time calibrations 20 mV and 1 min, re- 
spectively. 


TaBLe 2. Affinity constants (x 10°m-') for tubocurarine determined by recording the re- 
sponses of single end-plates. Bathing fluid contained 5-4 mm-Ca in the experiments of Col. 1, 
and 8-6 mm-Mg in those of Col. 2 


1 2 
1-4 1-1 (Fig. 4b) 
1-2 (Fig. 4a) 1-7 (Fig. 4c) 
1-4 1-6 
1-0 1-6 
Mean 1:25 15 
Dose—depolarization relationship 


It was observed (cf. Figs. 2, 4a, 6 and c) that the dose-response relation- 
ship often had a linear portion which, on extrapolation, did not pass 
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through the origin. Two further examples, one from a single end-plate, 
are illustrated in Fig. 5. Cavanaugh & Hearon (1954) and Kirschner & 
Stone (1951) have reported a similar finding for contracture—dose rela- 
tionships of the frog’s rectus. 


Slow fibre receptors 
In contrast to “twitch” muscles such as the sartorius, the rectus responds 
to the bath application of depolarizing agents with a well maintained 
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0 4 8 12 0 1 t-9 4 
[ACh] (x m) Carbachol (x 1075 


Fig. 5. Initial portions of dose~depolarization relationships, determined by 
recording the responses of (a) the m. ext. long. dig. IV, with extracellular elec- 
trodes, and (b) a single end-plate of the frog’s sartorius (resting potential of fibre 
93 mV). Prostigmine 10-* g/ml. present throughout experiment of Fig. 5a. It: 
may be seen (dotted lines) that the linear regions of the curves, if extrapolated. do 


not pass through the origin. 


' TaBie 3. Affinity constants ( x 10°m-") for tubocurarine determined by taking as a measure 
of drug action (a) contractures of the frog’s rectus, (b) depolarizations of the m. ext. long. 
dig. IV, measured with external electrodes (values taken from Table 4). Mean values, s.E. 
of the mean, and number of experiments are listed 


Bathing fluid a b 
Ringer’s solution 8-15 + 0-05 (3) 230 + 0-05 (13) 
Ringer’s solution + 8-6 mm-Mg 1-66 + 0-07 (4) 1-40 + 0-07 (7) 


contracture, known to originate from the ‘slow’ fibres (Kuffler & Vaughan 
Williams, 1953). If this response is used as a measure of drug action, any 
conclusions about affinities will hold only for the receptors of these slow - 
fibres, which may well differ from those of the ‘twitch’ type. To enable a 
comparison of the affinities of the two receptors to be made, experiments 
were carried out in which contracture—dose relationships of the rectus were 
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determined with and without tubocurarine in the bathing solution. As 
before, affinity constants were calculated from equation (1). Values 
obtained in seven such experiments are shown in Table 3, together with 
others determined by recording externally from the m. ext. long. dig. IV, 
a predominantly ‘twitch’ muscle. It may be seen that the affinities for 
tubocurarine of the two fibre types are quite similar. 


The effect of changes in temperature, and in the Ringer’s fluid, on the 
affinity for tubocurarine 
In an attempt to obtain more information about the mechanism of the 
tubocurarine-receptor reaction, affinities were determined under other 
experimental conditions. It may be seen from Fig. 6 that there is little 
dependence on temperature over the range 3-30°C, Qj) probably lying 
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Temperature (°C) 
Fig. 6. The effect of temperature on the affinity for tubocurarine. Ordinate: 
log,)K (m-*); abscissa, temperature. Values determined by extracellular recording 
from the m. ext. long. dig. IV of the frog. 


TasBiE 4, Affinity constants for tubocurarine determined in modified Ringer’s solutions. 
Values determined by recording externally from the m. ext. long. dig. IV. Tonicity of low- 
sodium solutions maintained with sucrose, and of others by the replacement of sodium 


Bathing fluid, K 
Row Ringer’s solution (x 10®m-*) 
l No addition 2-3+ 0-05 (13 expts.) 
2 +6-3 mu-K 2-45, 2-5, 2-2 
3 +5-4 mu-Ca 
4 + 8-6 mu-Mg 1-6, 1°5, 1-5, 1-5, 1/2, 1:3 
Containing 2/3 [Na] 2:5, 2-6 
6 Containing 1/3 [Na} 5-8, 5-3 


between the limits 0-95 and 1-10. Van Maanen (1950), recording contrac- 
tures of the frog’s rectus, also concluded that the affinity for tubocurarine 
_ was almost, if not completely, independent of temperature. 

The effect of changes in the concentration of several cations is shown in 
Table 4. It may be seen that the replacement of sodium by sucrose results 
in an increase in the affinity constant (cf. the ‘curarizing’ action of low- 
sodium solutions, Fatt & Katz, 1952). The addition of magnesium, and an 
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increase in the concentration of calcium, have the opposite effect. A four- 
fold increase in the potassium concentration has little action, as found by 
van Mannen (1950) for the frog’s rectus. 


Tubocurarine and denervated muscle 


‘It is well known that the sensitivity of a muscle to depolarizing agents 
becomes greater on denervation. A number of experiments were made to 
find whether the affinity for tubocurarine also increases. The lower portion 
of one hind limb of a frog was denervated by removal of about 1 em 
of the sciatic nerve. At least 3 weeks later, the affinity constant of the 
m. ext. long. dig. IV of that limb was determined in an experiment of the 
kind illustrated in Fig. 7. The results of this and of eight other such 


Control 
> / E X 
3+ vv a: 
5x1077 10° §x 10° 10°75 10° 5x107> 1074 
[Carbachol] (™) [Carbachol] (™) 


Fig. 7. Comparison of affinities for tubocurarine of normal and denervated (32 days) 
muscles from the same frog. Procedure as described in legend to Table 1. Values 
obtained have been included in Table 5. Semi-log scale. 


Taste 5. The effect of denervation on the affinity for tubocurarine (Expts. 1-8). Cols. 3 
and 4 list the affinity constants (K, and Ky respectively) of the denervated and, in some 
cases, of the unoperated muscles from the same animal. Cols. 5 and 6 show the ratios of the 
doses of ACh (+ 10-® g/ml. prostigmine) and carbachol which produce the same depolariza- 
tion in the control and denervated muscle, respectively. All values determined by recording 
extracellularly from the m. ext. long. dig. IV of the frog. One experiment with dimethyl- 
tubocurarine, No. 9, has been included | 


7 
Time ie 
denervated, D | 
Expt. days (x Racn Rearb Ky/Ky 
23 2-95 2°45 6 
30 3°45 2-20 15 — 1-6 
3 31 3-40 10 di 
4 34 3-40 — 10. 5 
5 35 3-20 2-40 11 5 1-3 |. 
6 ' 37 3-00 2-40 16 5 1-25 
7 (Fig. 7), 32. , 4-60 2-40 25 5 1-9 
8 64 3-40 85 
9 69 ' 2-00 1-40 30. 9 1-4 
PHYSIO. CLII 
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determinations are listed in Table 5. It can be seen that the affinities for 
tubocurarine of the denervated muscles are larger than those of the con- 
trols, but that the increase in the sensitivity to ACh and carbachol is much 
greater. | 

A puzzling feature of the present experiments was that the supersensi- 
tivity (cols. 5 and 6, Table 5) of the denervated muscles never became as 
great as that described by Nicholls (1956) (sensitivity to ACh, with 
prostigmine 10-* g/ml., increased by a factor of from 50 to 100) or by 
Kuffler (1943) (denervated muscles at least a thousand times more sensi- 
tive to ACh). No explanation for this variation can be given as yet (cf. 
Miledi, 1960). 


DISCUSSION . 


The present results provide additional support for the hypothesis that 
tubocurarine acts by competing with depolarizing agents for some site or 
receptor molecule. The main finding is that equation (1), derived on the 
basis of competitive inhibition, is followed over a large range of concentra- 
tions (Fig. 3). This may be discussed in relation to a recent suggestion 
(Shanes, 1958) that neuromuscular blocking agents such as tubocurarine 
may act by stabilizing the membrane against permeability changes through 
becoming associated with sites or receptors quite distinct from those with 
which the agonist combines, so that the antagonism can be described as 
uncompetitive. This hypothesis is compatible with the present results only 
if it is assumed in addition that a maximal response can be evoked 
through the occupation of a very small fraction of the available agonist 
sites. This follows from a consideration of the range of concentrations over 
which equation (1) holds. It has been found (Fig. 3) that a given submaximal 
response may be produced by a sufficiently large dose of agonist even in the 
presence of more than 10-m tubocurarine, and then can be even further 
increased by additional agonist, suggesting that there are still vacant sites. 


If agonist and antagonist combine with separate receptors, as proposed | 


by Shanes, only a minute fraction of the available agonist sites cui be 
occupied when a similar response is evoked in the absence of tubocurarine 
by less than 1% of the previous agonist concentration. The existence of 
such a large reserve of sites seems unlikely, but of course has not been 
excluded. | 
Desensitization. As a rule, the response of the end-plates to depolarizing 
agents is not well maintained. There is evidence to suggest that this is due 
to a change, to an inactive form, in the receptors themselves (Katz « 
Thesleff, 1957). This ‘desensitization’ would complicate the study of the 
antagonism if the presence of an appreciable number of modified receptors 
was to affect the properties of the remainder. However, this did not seem 
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to have been a source of error under the conditions of the present experi- 
ments. This is inferred from a comparison of affinity constants determined 
by recording from single end-plates and from whole muscles. With the 
former technique, the observed depolarizations were generally complete in 
less than 40sec, whereas responses recorded extracellularly from the 


m. ext. long. dig. IV reached their maximum only after from 1 to 4 min, at 


which time the superficial fibres may have been appreciably desensitized. 
If this were to have introduced a systematic error, affinity constants 


- measured by the two techniques would be expected to differ. However, 


the values obtained were in fair agreement. 

Dose-depolarization curves. These were observed to have an initial 
region of increasing slope. Such dose-effect relationships have been found 
with many drugs and tissues, and may arise in several ways, e.g. if each 
receptor combines with more than one molecule of agonist (as suggested 
by Cavanaugh & Hearon, 1954, for the action of ACh on the frog’s rectus 
muscle). However, the present results do not favour this explanation, for 
the antagonism is best described as a a aegryineg for sites which are 


' univalent for both agonist and antagonist. 


Gaddum (1937) has pointed out that S-shaped « curves will occur if the 
effect measured is the net response of a number of elements of differing 
sensitivities. The fact that such dose-effect curves are observed on record- 
ing the responses of single end-plates, and even on applying carbachol 
iontophoretically to subunits of end-plates (Katz & Thesleff, 1957), sug- 
gests that if an explanation of this type holds, the units of varying sensi- 
tivities are small groups of receptors, or possibly the receptors themselves. 

Effect of inorganic cations. Magnesium and calcium appeared to reduce 
the affinity of the receptor for tubocurarine, and the replacement of sodium 
by sucrose to increase it. These actions would be expected if the receptors - 
have a tendency to combine with these ions (p. 312). However, in the case 
of sodium, there is a second possibility, namely, that the apparent change 
in affinity is a consequence of the reduction in ionic strength. It may be 
estimated from the Debye—Hiickel-Onsager theory of electrolytes that 
if the receptor were to bear a charge equal and opposite to that of the 
tubocurarine cation, the affinity constant would be about twice as large 
in a solution containing a third of the normal sodium concentration, as a 
consequence of the effect of the reduction in ionic strength on the activity 
coefficients of the ions taking part in the equilibrium. Although the curari- 
zation observed was of this order (Table 4), a quantitative allowance for 
changes in ionic strength cannot be made with certainty until more is 


known of the receptor, and of the charge borne by it. 


The actions of calcium and magnesium, on the other hand, are too 


large to be accounted for as a consequence of the change in ionic strength 
| 21-2 
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alone. As would be expected if it were to compete for the receptor, 
magnesium (unlike calcium) decreases the depolarization evoked by bath- 
applied ACh (del Castillo & Engbaek, 1954). However, del Castillo & 
Engbaek found that if this experiment was repeated in the presence of 
tubocurarine, magnesium then increased the neepeune to ACh, whereas a 
decrease, as before, would be expected on an ‘ion exchange’ theory of 
the drug—receptor reaction. 

A fourfold increase in the concentration of potassium had little effect. 
In summary, although sodium, calcium and magnesium appear to reduce 
the affinity constant for tubocurarine, the evidence is not sufficiently 
clear-cut for it to be concluded that these ions ‘decurarize’ through a 
tendency to combine with the receptors. 

Denervated muscle. Table 5 shows that the affinity for tubocurarine 
increases on denervation. This may reflect some change in the receptors; 
_ however, the increase in sensitivity to ACh and carbachol is much larger. 
These findings are consistent with recent evidence that the supersensitivity 
of denervated muscles to depolarizing agents results from an increase in 
the receptor area, rather than from a marked change in the receptors 
themselves (Axelsson & Thesleff, 1959; Miledi, 1960). 

Slow fibre receptors. Van Maanen (1950) has shown that changes in 
temperature, and in the potassium concentration, have little effect on the 
affinity of the ‘slow’ fibres for tubocurarine. In these respects twitch 
fibres are similar (Fig. 6, Table 4). Also, the affinity constants for tubo- 
-curarine, and the magnitude of the ‘decurarizing’ action of magnesium, 
are of the same order (Table 3). These findings suggest that the receptors 
of the two fibre types, if not identical, resemble each other closely, even 


though the end-plates in which they occur have marked differences in 
function and structure. 


SUMMARY 

1. A quantitative study of the antagonism between ACh and tubo- 
curarine has been made by taking depolarizations of the end-plate region 

of skeletal muscle as a measure of drug action. 

2. The results are consistent with the hypothesis that these substances 
compete on a one-to-one basis for receptors at the end-plate. 

3. Micro-electrodes were employed to show that individual end-plates 
do not vary greatly in their sensitivity to tubocurarine, as measured by 
the ‘affinity constant’ K (equation (1)). 

4. K was found to be about 2-3 x 10®m-1 and was little affected by 


changes i in temperature (3-30° C) or by a fourfold increase in the potas- 
sium concentration. Values determined in the presence of 7-2 mm calcium 


and 8:6 mM magnesium were smaller by about 30 and 40% respectively; — 
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replacement of 2/3 of the normal sodium by sucrose increased K by from 
two to three times. 


5. In a few experiments affinity constants, presumably of the slow- 
fibre receptors, were determined by measuring contracture responses of 
the frog’s rectus. Similar values were obtained. 


6. The affinity for tubocurarine increased on denervation but not to 
the same extent as the sensitivity to ACh and carbachol. eat 


I wish to thank Professor B. Katz for advice and encouragement, and also Mr J. L. 
Parkinson, Miss A. M. Paintin and Mr K. Copeland for frequent assistance. The experiments 
were made during the tenure of a grant from the Medical Research Council. 
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Oxygen-15 is a positron-emitting isotope with a half-life of 2 min, and 
has been prepared by a continuous flow method in the Medical Research 


_ Counceil’s cyclotron at Hammersmith Hospital. Its properties make it 


particularly suitable for the investigation of pulmonary physiology in man. 
Regional lung function in normal subjects and in patients with pulmonary 
disease has been assessed by external counting of radioactivity in defined 
regions of the lungs following inspiration of air labelled with this radio- 
isotope (Dyson, Hugh-Jones, Newbery, Sinclair & West, 1960). A single 
breath of the labelled air is taken, and is held for 10—15 sec. Two pairs of 
scintillation counters placed in front of and behind the chest detect the 
initial rise of the activity in the lung between them and its subsequent fall 
during the breath-holding period. The initial activity is a measure of the 
ventilation of the defined volume, and the rate of fall during breath-holding 
(defined as the ‘oxygen-15 clearance rate’) is determined chiefly by the 
regional blood flow. 

It has been found that the rte of uptake of 40, into the blood is greater 
than that of the naturally occurring 1*O,. This paper describes some work 
designed to measure the ratio of clearance rates of %O, to %O, under 
various conditions, and shows how the experimental results can be recon- 
ciled with a theoretical approach. (The number of '°O atoms is a very small 


_ proportion of the total (see below). This, together with a consideration of 


the method of production, indicates that the radioactive molecules will 
be 50760, not 150,. However, the latter form is used for convenience and 
brevity.) 
METHODS 

Oxygen-15 is prepared in the cyclotron by the bomburdment of nitrogen with the external 
deuteron beam at an energy reduced to 3 MeV. Air from a cylinder is slowly passed through 
a Lox into which the deuteron beam is projected and a very small proportion of the nitrogen 
is converted to 450, by the (d, n) reaction. Radiochemical and other impurities are removed 

* Present address: Department of Physics, University of Birmingham. +Present address, 
Mayo Clinic, Rochester, Minnesota, U.S.A. 7 
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as described by Dyson, Hugh-Jones, Newbery & West (1958), and the gas is conducted to 
an adjacent investigation room where its activity is between 50 and 100 mc/l. For the 
experiments to be described this gas was diluted about twentyfold, either with air, nitrogen 
or oxygen: the proportions of oxygen in the resulting mixtures were 21, 1 or 96%, respec- 
tively (of which only one part in 10" was %0,). The radioactivity of the mixtures inhaled was 
about 3 me/l. The absorbed dose of radiation per breath has been calculated and is in the 
region of 5 mr to the gonads, 20 mr to the blood-forming tissue and 100 mr to the lungs. 
Although these doses are small, the number of breaths was kept to the minimum necessary 
for obtaining useful results. 

The activity of the diluted gas was measured by passing it through a vessel in a re-entrant 
ionization chamber, and then via a three-way tap to waste. By turning the tap, a 51. bag 
could be filled; this was connected by another three-way tap to a simple respiratory valve 
box. The subject sat in a chair, and breathed room air through the valve box. For the test 
he was connected to the bag after a full expiration, and inhaled the radioactive mixture to 
the level of full inspiration. He then quickly exhaled about 21. of gas, the volume being 
recorded on a spirometer, and a sample of this expirate was taken in an evacuated tono- 
meter placed just beyond the expiratory valve. The subject held his breath for 15 sec, and 
then exhaled fully. A sample of this second expirate was collected in another tonometer. 

The experiments were carried out on normal male staff aged 28-35. years. All three gas 
mixtures were given to resting subjects previously breathing room air, the high-oxygen 
mixture to three subjects previously breathing 100 % O, for 5 min, and the mixture in air to 
one subject after 3 min of fairly strenuous exercise. For this the subject pushed foot pedals 
against resistant springs at a rate which increased the oxygen uptake to 1100—1200 ml./min. 
The labelled air was given immediately after the exercise. 

The radioactivity of the *O, in the tonometer was measured in a re-entrant ionization 
chamber, by using a vibrating reed electrometer to measure the current. The difference 
between the two samples divided by the activity in the first sample gave the loss of 0, 
relative to the amount originally present. A correction had to be made for radioactive decay. 

In general, each member of a pair of tonometers differed slightly in volume and a correction 
was therefore necessary. A calibration procedure was used in which the two tonometers 
were connected in series, with air labelled with °O, of fixed activity per unit volume passing 
through them. Any difference between ionization-chamber readings of the two tonometers 
filled in this way must be due to a difference in volume, or to a slight difference in shape 
which could affect the response of the ionization chamber. The correction factor was thus 
determined directly. 

In each determination a large number of readings of both tonometers were taken, and in 
about half the determinations the standard error was calculated. It never exceeded 1 % of 
the initial activity. Any systematic error introduced by error in the correction term would 
normally be less than this. 

After the activity in the tonometers had been measured, the 16Q, concentration was deter- 
mined. The gas was gradually displaced by using a mercury levelling bulb and the sampling 
tube of the respiratory mass spectrometer was placed in the gas stream. The 1*O, concen- 
tration could be followed on a pen recorder. About six readings were made on each tono- 
meter and duplicate agreement was better than 1% pro rata. The spectrometer tends to 
read high in mixtures containing large concentrations of oxygen. However, when comparing 
two tonometer samples containing similar O, concentrations, differences in concentration of 
1% pro rata are measurable. The clearance rate was calculated in the same way as for 0,. 

It is concluded that the accuracy of the %O, and 0, determination was such that the 
calculated clearance rates are accurate to better than 2% of the initial values. 
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RESULTS 


Results are shown in detail in Table 1 and in summary in Table 2. After 
breathing OQ, in air the alveolar partial pressure of 0, in five resting 
subjects fell by a mean of 50°, while that of 60, fell by 20%. The ratio 


TABLE 1. Percentage fall in °O, and *0,, and ratio of these for each breath 
Fall Fallin **O, Fall in *O, 
0 


(%) (%) Fallin #0, 
15Q, in air at rest 48 18 2.7 
51 14 3-7 
68 25 2-7 
*5] *22 *2-4 
53 20 2-7 
51 26 2-0 
43 14 
2-5 
Means 50 20 2-5 
150), in air after exercise 60 46 1-3 
63 53 1-2 
Means 62 50 1-2 
1460, in nitrogen 64 4 16 
54 3-6 
59 —-15 -—39 
63 18 3°5 
Means 60 9 6-7 
18Q, in O, (single breath) 20 12 1:7 
24 15 1-6 
22 10 2-2 
28 13 2-2 
Means 24° 13 1-8 
_ 180, in O, (steady state) 18 1-4 13 
20 3-0 6-7 
9 5-2 1-7 
Means 16 3°2 5-0 


* First four entries refer to preliminary experiments which were not timed accurately ; 
they are therefore excluded from the means. ; ; 


TaBLE 2. Mean values for the five groups of experiments 


160), in 
(rest) (exercise) N,; O,* 
Number of subjects 5 1 3 3 3 
Total number of breaths 8 2 a 4 3 
Pao, (onset of breath- 131 122 48 464 674 
holding, mm Hg) 

Fall in *O, (%) * 20 50 9 13 3 
in (%) 50 62 60 24 16 
all in *O, 

6-7 1-8 5-0 


* Oxygen given as a single breath. Be 
+ Oxygen given under steady state conditions. 
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of the clearances of the two isotopes varied in eight test breaths from — 


2-0:1 to 37:1, the mean, excluding the preliminary experiments, being 
2-5:1. Measurements were made in one subject just after exercise, giving 
a ratio of 1-2:1. This was because there was a great increase in OQ, uptake 
but a small increase in “O, uptake. 


When the labelled air was diluted with nitrogen the conditions of the 


experiments produced alveolar O, tensions of the order of those of mixed 
venous blood. In one instance the sample after breath-holding contained 


16Q, at a higher partial pressure than that before, indicating that *O,_ 


was excreted from mixed venous blood during this time. In this experi- 
ment the “0, clearance was 59%. The difference in the behaviour of the 
two isotopes is thus especially marked in this instance. In all four breaths 
with the mixture of low oxygen content, %O, clearance rates were higher 
than those which occurred with the air mixture. The ratio of the clearance 
of 40, to 0, varied considerably because in these circumstances '*O, 
uptake is so sensitive to alveolar oxygen tension. 

Administration of “O, in a mixture of high O, content produced different 
' results when given as a single breath from those obtained when high- 


_ oxygen mixtures had been inhaled beforehand. In the single breath, 


alveolar O, tension was high with a mean of 464 mm Hg; there was a 
surprisingly big uptake of 1*O, in the 15 sec of breath-holding (279 ml.) 
and the ratio of clearance of “O, to O, was 1-8:1. In the steady-state 
procedure, alveolar O, tension was higher, the mean value being 674mm Hg; 
%Q, clearance was moderately reduced, but the 1*O, clearance rate was 
greatly reduced, and the ratio rose to 5-0: 1. 


DISCUSSION 


Measurements made under a variety of conditions have shown that 
4*Q, uptake, expressed as a fraction of the initial alveolar concentration, is 
faster than QO, uptake. This is readily explicable when the dynamic 
nature of QO, transfer is appreciated. Molecules of O, are continually 
passing to and fro across the alveolar membrane as the pulmonary blood 
moves along the capillary. Forward flow of O, from gas to blood is pro- 


portional to the gas partial pressure, and backward flow to the blood gas ~ 


tension, so that the net transfer at any moment is proportional to the 
difference between these. Initially the blood contains no %O, but an 
appreciable partial pressure of *O,, so that the fractional uptake for the 
radioactive isotope is faster, and this difference is maintained along the 
capillary. | 
It is possible to study the course of uptakes of the two isotopes along the 
pulmonary capillary by dividing the time a corpuscle spends in t!¢ 
capillary into many small equal intervals. Bohr (1909) originally used this 
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technique to determine the time course of 1*0, tension and saturation 


along the capillary. A reasonable value for the diffusion constant is 


assumed and the volume of 0, which enters the blood in the first At sec 
is calculated from the initial partial-pressure gradient. The change in 
partial pressure of O, which accompanies this volume change is then found, 
and this gives the new partial-pressure gradient. Thus the volume which is 
transferred in the next At sec is derived and the process is repeated step- 
wise along the capillary. 

The chief difficulty in the case of 40, is finding the partial-pressure 
change for a known volume change—in effect, the %O, dissociation curve in 
the presence of '*O,. This is simplified, however, because the concentration 
of *O, is exceedingly small compared with 160, so that although the 
presence of 1*0O, affects the “O, dissociation curve, the converse does not 
occur. If in a mixture of the two isotopes with haemoglobin the chemical 
behaviour of all oxygen molecules is assumed to be the same, at equili- 
bration the concentrations of 15-oxyhaemoglobin and 16-oxyhaemoglobin 
(Cys, will be proportional to the corresponding gas tensions (P,,, P,,). 
Thus P,,/C,, = P,,/C,,, where C is the concentration of O, present 
(vol. O,/vol. blood). The dissociation curve for “O, will therefore be 


_ determined by the prevailing '*O, partial pressure and content. The partial 


pressure of 40, is at all times proportional to the radioactivity per unit 
volume of the gas mixture. 

An attempt was made to verify these dissociation curves by equili- 
brating a mixture of *O, and '*O, with blood in a tonometer. However, 
the half-time taken for equilibration under these conditions was of the same 
order as the half-life of the radioactive isotope and this precluded a valid 


Measurement. 


By using these dissociation curves the change in partial pressure for the 
concentration change of ¥O, in each At sec can be found. Graphs of both — 
partial pressure and concentration against time along the capillary can 
then be drawn (for any moment during breath-holding) if one assumes a 
value for the saturation of mixed venous blood. An example of a calcu- 
lation (using the alveolar partial pressure at the beginning of breath- 
holding) is given in Appendix I. Figure 2 shows the changes along the 
capillary for normal subjects at rest with alveolar O, partial pressures of 
48, 131 and 675 mm Hg and for a normal subject, after exercise, with an 
alveolar partial pressure of 122 mm Hg. These values correspond to the 
means for the reported experiments. All “O, figures have been scaled up 
for convenience by a constant equal to the initial partial pressure of °O, 

The diffusion constant used in this analysis is related not only to the 

roperties of the alveolar membrane but also to those of the red cell and 


4 
| 
- 
2 
9 
‘ 


330. N. A. DYSON, J. D. SINCLAIR AND J, B. WEST 


02 


01 


ygen content (vol./vol.) 


Ox 


20 40 60 80 100 120 140 
| Oxygen partial pressure (mm Hg) 


Fig. 1. The relations between the partial pressures and contents of minute concen- 
trations of 45O, in the presence of '*O,. The three continuous lines are dissociation 
curves of 45Q, for three prevailing partial pressures. 
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Fig. 2. The calculated rise in the contents of *O, and '*O, along the pulmonary 
capillary under various conditions. The subjects were breathing a mixture.of high 
O, content (Pao, = 674 mm Hg), breathing air at rest (Pao, = 131 mm Hg), 
breathing air on moderate exercise (Pao, = 122 mm Hg) and breathing nitrogen 
Pao, = 48mm Hg). The arrows indicate the amount by which the blood O 
content at the end of the capillary failed to reach the equilibration value. The 
*O, curves for the subject breathing air at rest and on exercise were almost 


identical. 
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the reaction rates of O, with haemoglobin. Roughton & Forster (1957) have 
shown that only about half of the barrier to the transfer of carbon mon- 
oxide from alveolar gas to haemoglobin is due to the alveolar membrane. 

It can be seen that the general shape of the curves is similar for the two 
isotopes, but the rise in concentration of “O, is slower. As a result, its 


_end-capillary gradient will be larger and the influence of a diffusion defect 
will be more marked. However, for a subject breathing a mixture of high 


oxygen content at rest, virtual equilibration of alveolar and blood partial 
pressures occurs. 

In situations where complete equilibration occurs, the concentration of 
14), in end-capillary blood is given by 


_ The rate of “0, uptake is then equal to P,,.C,,/P,..Qc, where Qc is the 


cardiac output, and the uptake per unit time — as a fraction of 
total initial alveolar is 


Pas: BE 


| dice V, is the alveolar volume, K is a constant and P}, is the initial - 


value of P,;. It can be seen that the “O, concentration will fall approxi- 
mately linearly with time. If the change in P,, during breath- holding is 
relatively small, the expression becomes simply 


Qe 
| 
The equivalent expression for 1*O, is 
— (2) 


where Cv,, is the 0, concentration in mixed venous s blood, whence the ratio 
of fractional 40, to 60, uptakes is constant during the breath-holding 
period, and is given by 
3) 

These expressions assume a constant alveolar O, partial pressure. When 
the slow fall in P,, and P,, which occurs with breath-holding is taken into 
account, the expression for the 150, fractional uptake up to time ¢ from the 
beginning of breath-holding is 


1—(1—rt)", 
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is assumed that O,, and Cv,, are constant during breath-holding as 


before; Pj, is the initial value of Pig. 
The ratio R of 50, to #0, fractional uptakes up to a given time ¢ from 
the beginning of breath-holding is now related to ¢ and is given by 


R= ra (5) 


The derivation of this expression is given in Appendix (2). 

The above expressions assume no alveolar end-capillary gradient. When 
the subject breathes air or a mixture of low oxygen content, a gradient 
exists (see Fig. 2) and the “O, uptake is consequently less. The values of R 
calculated from equation 5 have been corrected for this effect by using the 
end-capillary gradients for the beginning of breath-holding. The difference 
between the end-capillary gradients of the two isotopes will vary during 
the breath-holding period as the alveolar O, partial pressure falls, but this 
modification to the correction factor has not been taken into account. 

It is clear that the factors affecting “O, uptake are complicated and that 
any approach by computation must be very approximate. Nevertheless, 
we have examined the observed results in the light of the foregoing 
analysis. We have used the results of Donald, Bishop, Cumming & Wade 
(1955) to derive a figure for cardiac output using the measured values for 


TABLE 3. Table showing predicted 150, clearance rates and principal values (means) 
on which these are based, together with the observed clearance rates 


2 
Air Air (single (steady 
(rest) (exercise) N, breath) state) 
Lung volume (I.) 4-2 3-5 4-2 4-2 4:4 
1#6Q, consumption (ml./15 sec) 144 280 24 320 125 
Cardiac output (1./min) 10 12-2 10 10 10 
Mixed venous saturation (%) 69 53 69 69 Se 
_ Observed 0, clearance (%) 50 62 60 24 16 
Predicted **O, clearance (%) 48 70 49 24 13 
Observed clearance 2°5 6-7 1-8 5-0 
Predicted *O,/!*O, clearance 16 5:5 1-8 4-2 


6O, consumption. No change in this figure was assumed to occur when the 
subject breathed pure oxygen. Cardiac outputs were generally higher than 
resting values, presumably because of excitement. The value for mixed 
venous oxygen saturation following 5 min of breathing O, was found by 
assuming that the volume of O, extracted from the arterial blood was the 
same as for the subject heeathing air. However, it can be shown that 
values obtained from the predictions are insensitive to the mixed venous 
O, saturation. 

Table 3 gives the lung volume, 0, consumption, cardiac output. 
mixed venous QO, saturation, observed ‘sd predicted %O, uptake and 
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ratio of *O, to *O, uptake in the five groups of experiments. Agreement 
between observed and predicted values is reasonable. 

There is much less variation in the rate of uptake of 50, than of 160, 
under the different experimental conditions. This is because the ~*~, 
uptake is determined not only by the cardiac output but also by the 
relation between mixed venous QO, tension and alveolar O, partial pressure, 
whereas “QO, uptake is virtually independent of the 10, saturation in 
mixed venous blood. Thus it is possible for *O, consumption to decrease 
considerably when the alveolar oxygen partial pressure falls during a 
breath of nitrogen, although “O, uptake is little affected. In these circum- 
stances, the ratio of “O, to *O, uptakes becomes very large. Indeed, in 


one experiment the ‘OQ, partial pressure rose slightly during breath- 


holding, indicating excretion of this gas, while considerable “O, uptake was 
observed. In this experiment, the uptake of 'O, was observed to be greater 


than when the subject inspired the 40, in air, and the theoretical analysis 


predicts such a result. 

From the foregoing it may be seen that an abnormally high pulmonary 
blood flow would be expected to increase the ratio of O, to *O, uptakes. 
In general, the “O, uptake will be greater, whereas the *O, uptake may be 


“unchanged in the resting subject. For example, in a previous paper 


(Dyson et al. 1960) we have reported a high O, uptake in a resting subject 
with a high pulmonary blood flow caused by anomalous venous return. 
A similar result would be expected in conditions in which the resting 
cardiac output was abnormally high. 


SUMMARY 


1. The uptake of the radioactive isotope oxygen-15 has been compared 
with that of the naturally occurring oxygen-16 under various conditions 
during a short period of breath-holding in man. Alveolar gas samples 
exhaled before and after the breath-holding period were analysed for 
oxygen-15 by using a re-entrant ionization chamber, and for oxygen-16 
with a mass spectrometer. . 

2. Oxygen-15 uptake (expressed as a fraction of the initial concen- 
tration) always exceeded oxygen-16 uptake, and in one measurement 
following a breath of pure nitrogen, oxygen-16 excretion into alveolar gas 
occurred while oxygen-15 uptake was high. ; 

3. The apparent discrepancy between the uptakes of oxygen-15 and 


 oxygen-16 results from their unequal back pressures in the blood entering 


the pulmonary capillary. An expression predicting the uptake of oxygen-15 
has been obtairied and has given reasonable agreement with the observed 
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APPENDIX 


(1) As an example of the step-wise calculations along the pulmonary 
capillary, the first steps for the data for subjects at rest inspiring O, 
in air are set out here. The mean O, consumption was 576 ml./min, which 
corresponds to a cardiac output of 10 1./min (Donald e¢ al. 1955). Thus, for 
an arterial O, saturation of 97 °% anda blood O, capacity of 0-2 vol./vol. 
the content of mixed venous blood is 0-138 vol./vol. and its saturation 
69%. This corresponds to a tension of 37-5 mm Hg on Riley’s physio- 
logical dissociation curve (Riley & Cournand, 1949). The mean alveolar O, 
tension was 131 mm Hg. : 

Now choose a value for the rise in blood O, content in the first At sec, 
say 0-01 vol./vol. Since the initial partial pressure gradient equals 
131-37:5 = 93-5 mm Hg, the diffusion constant is 0-01/93-5 = 0-000107 
vol./vol./mm Hg/At sec. The new content is therefore 0-148 vol./vol., 


corresponding to a new saturation of 74%, and tension of 40-8 mm Hg. ~ 


This enables the partial pressure gradient for the next At sec to be found 
(131-40-8 mm Hg) and the process is then repeated. 

After about 8 such steps, the blood tension has risen to the alveolar 
tension of 131 mm Hg. However, it can be shown that the blood remains 
in the capillary considerably longer than this. The mean alveolar—capillary 
gradient is given by oxygen consumption divided by an assumed diffusing 
capacity, i.e. 576/30 = 19mm Hg. Some 28 intervals of At sec will be 
necessary for the mean gradient to reach this low value, so that the 4), 
has virtually equilibrated about one third of the way along the capillary. 
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| “0, in the mixed venous blood.) 


UPTAKE OF 0, AND %0, 


The calculation for “O, is very similar. The initial partial pressure 
gradient is taken to be 131 mm Hg multiplied by a scaling factor C. The 
oxygen transferred in the first At sec is therefore 


| _¥31C x 0-000107 = 0-0140 x C vol./vol. 
This is converted to the new tension by using 


in the first At sec. The new gradient is therefore (131—3-8)C, and so on. 

The diffusion constants for “O, and 160, will not be identical, but the 
difference is very small and has not been measured. A formal difficulty in rs 
the above analysis is that the partial pressure of %O, is a function not only 
of 0, content but also of *O, content, and, for each step of the integration, 
both these factors should be taken into account. However, it can be shown 
that in practice the error introduced by considering the effect of %O, 
content only is very small. 

(2) It is assumed that the end-capillary blood is equilibrated with 
respect to “O, and 1*O,.. Further, the amount of %O, in the pulmonary 
capillary blood is constant (after the first second or so of breath-holding) 
so the rate at which 0, leaves via the pulmonary vein is equal to the rate 
of leaving the alveoli. (This equality does not apply for *O, because of’ 


At any instant ¢ (during breath-holding following inspiration of the 
radioactive gas), the fractional rate of “O, removed from the alveoli is | 
equal to the rate at which total 1*O, leaves via the pulmonary vein divided 
by the total alveolar 1*O, at time t. If P,, and P,, are the partial pressures 
of ¥O, and 180, in the alveoli, & is the rate of O, consumption (assumed to 


| 


be constant) iad K is the oe ade of barometric pressure less ambient 
water vapour pressure, 

P,, —kt 
where k = Qc(C,,—Cv,,) and P%, is the initial value of Py. 
After integration this gives } 

Pys _ [VaPiek 
P35 VP ek 
where P4, is the initial value of P,,. This may be written P,;/P}; = (1—rt)", 
where 7 and n are as explained in the text. 
The corresponding expression for 1°O, is 
Prg 
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Therefore the ratio R of %O, to #*O, uptake is given by 

rel” rt 
It is readily shown that this expression becomes simply 
R =m 

for very short periods of breath-holding or for situations in which the rate 
of O, consumption, relative to the amount available, is small. 
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CUTANEOUS MECHANORECEPTORS WITH 
| AFFERENT C FIBRES 


By A. IGGO 
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The analysis of cutaneous afferent mechanisms by recording electrically 
from the afferent nerve fibres has been pursued vigorously since Adrian 
(1926) first developed suitable techniques. As a result there is now an 
extensive literature on, and general agreement concerning, the larger 
myelinated afferent fibres. However, the non-myelinated sensory fibres, 
because they are difficult to isolate as single units, have not been inten- 
_ sively studied, even though they are 4-5 times more numerous than the 
myelinated fibres in cutaneous nerves (Gasser, 1955). Adrian (1931) in the — 
earliest work on the fine fibres had concluded that pain was carried by the 
smallest fibres because the stimuli required to excite a discharge of low- 
amplitude impulses from frog’s skin were either strong pressure or chemicals 
which caused ‘defensive movements’ in spinal frogs. Zotterman in 1939, 
using improved techniques, recorded impulses of small amplitude from. 
cutaneous nerves of the cat and he argued that they were carried by very 
small axons which were probably non-myelinated. Weak mechanical 
stimuli, such as lightly stroking the hairs, were sufficient to arouse a dis- 
charge of small impulses at low frequency, with a persistent after-dis- 
charge. Stronger mechanical stimuli and severe thermal stimuli caused a 
more abundant discharge of the small impulses in the multifibre strands 
which were used. Maruhashi, Mizuguchi & Tasaki (1952) were able, in 
toads, to prepare fine nerve strands containing only a few non-myelinated 
axons, and substantiated Zotterman’s conclusion that some C fibres could 
be excited by lightly touching the skin. In addition, they found that there 
were other C fibres which were excited by severe thermal but not by 
mechanical stimuli. In the cat, although they could not keep the C fibres 
alive unless there were also A fibres in the strands, they recorded responses 
evoked by stroking the skin and when ‘noxious and heat stimuli’ were used. 
More recently, Douglas & Ritchie (1957 a) recording from intact cutaneous 
nerves in the cat, have also confirmed Zotterman’s observation by showing 
\ thet C fibres were excited by stroking the skin. As many as 50% of the 
C fibres examined by their technique could be excited by mechanical 


stimuli. They did not find any fibres excited by heating the skin, even when 
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their stimuli were sufficient to burn the fur. Many of the fibres excited by 
mechanical stimuli also showed a short-lasting response when the skin was 
cooled (Douglas, Ritchie & Straub, 1959). 

Convincing comparisons of the activity in different sensory units cannot 
be made when the afferent impulses are recorded in multifibre preparations. 
Exact information about the properties of receptors can, however, be 
obtained by examining activity in single afferent fibres. Techniques for 
recording the activity in single afferent C fibres which were developed 
during work on the visceral afferent innervation (Iggo, 1957a, b; 1958a) 
have now been used, together with quantitative mechanical and thermal 
stimulation of the skin, to analyse the cutaneous afferent C fibres. This 
paper deals with the properties of the mechanically sensitive C sensory 
units; the thermoreceptive units are reported elsewhere (Iggo, 1959); 
Hensel, Iggo & Witt, 1960). Preliminary accounts of the results have been 
published (Iggo, 19586, 1959). | 


METHODS 


The cats used were anaesthetized with chloralose (80 mg/kg, 1.v.) after induction of 
anaesthesia with ethyl chloride and ether. The right leg was abducted and fixed by two drill 
pins, one in each end of the tibia, so that the medial surface lay uppermost. The pins were 
inserted from the lateral side of the leg and care was taken to avoid any damage to the 
medial-skin which is innervated by the saphenous nerve. The saphenous nerve was ligated 
in the groin, dissected free in the upper thigh, and covered with liquid paraffin B.P. which 
filled a trough formed by tying the edges of the skin wound to ¢ metal ring. A black Perspex 
plate was placed under the nerve and the fine dissection (at x 40) carried out with sharp 
needles and knives. Stimulating electrodes were placed under the saphenous nerve wee mm 
distal to the recording electrodes. Further details of the recording and stimulating t 
and the methods used to identify single afferent fibres have been described (lego, 1958a). 
The thermal stimuli used were provided by metal rods (10 mm diam.) at the desired tempera- 
ture, by small electrical radiators, and in the later experiments by thermodes with which the 
temperature could be altered as required without changing the cutaneous mechanical 
stimulus. The cutaneous temperatures were measured with thermistors (Stantel, Type 
F2311/300), 


To manipulator 


To capacitance 
transducer 

Fig. 1. Diagram to illustrate the mechanotransducer used to stimulate the 
cutaneous receptors. 8, flat steel spring; b, flat brass plate of dimensions similar 
to 8; t, tufnol rod screwed on to 8; n, stiff nylon thread, 0-25 mm? tip area, attached 
to t. The unit was attached to a micromanipulator. 


Mechanical stimuli. The mechano-transducer used is illustrated in Fig. 1. The nylon probe 
p (tip area 0-25 mm?) was attached to a rigid light rod of tufnol t, which was mounted on 4 
flat steel spring s. The spring was fixed above, and insulated from, a flat. brass plate of 
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similar dimensions, which in turn was fastened securely to a 10 mm diameter brass tube. 
The tube was attached to a micromanipulator yhich had calibrated movements in two 
directions at right angles to each other and parallel to the skin surface. In use, the probe 
was lowered on to the skin; as the downward movement continued after contact was made, 
the spring was deflected away from its resting position, so applying a force to the skin and 
altering the capacitance of the unit. The resistance of the spring to deformation and thus 
the sensitivity of the unit could be varied by using different springs. Calibration of the 
unit with an air-damped balance allowed the force exerted on the skin to be calculated. The 
voltage output of the condensor transducer (Alexander, 1951) was displayed on cathode-ray 
tubes for visual control and photography as required. 


RESULTS 


The receptors described in this paper were in the skin on the antero- 
medial surface of the lower thigh, the leg and the foot. The afferent fibres 
were dissected from the saphenous nerve in the upper thigh. There was a 
distance of at least 100 mm between the recording electrodes and the 
endings of the afferent fibre. Care was taken to avoid working on receptors 
in skin close to the wound in order to remove any risk of altered sensibility 
of the endings, such as the hyperalgesia reported by Lewis (1942). For the 
same reason, frequent exposure of the skin to noxious stimuli was also 
avoided. In some early experiments, the use of sharp pins for exploring 
the skin abolished the responses of single units. 

The sensory units to be described were all excited by mechanical stimuli 
and were either not excited at all by thermal stimuli or gave a brief dis- 
charge of impulses when the skin was heated or cooled. They are classed 
as mechanoreceptors because of this differential sensitivity. 


Conduction velocity of the afferent fibres 


The conduction velocities of twenty-seven of the fifty-eight afferent 
fibres reported in this paper were measured by techniques already 
described (Iggo, 1958a). For nine of the fibres, two measurements of the 
velocity were made; one in the nerve trunk in the thigh and the second for 
conduction from the cutaneous endings of the fibre to the recording 
electrodes. For the latter measurement the stimulating electrodes were 
placed on the skin and the action potential identified by its similarities to 
action potentials evoked by natural stimuli. With the very fine nerve 
strands used, which contained only a few live fibres, this procedure was 
exact. Conduction velocities computed by the latter measurement were 
invariably slower than by direct measurement in the main trunk of the 
nerve. The average ratio for the nine fibres was 1-16:1. A similar pheno- 
menon was reported for visceral afferent C fibres in the vagus (Iggo, 
1958a) and in cutaneous myelinated fibres by Maruhashi et al. (1952). The 
remaining eight conduction velocities in Fig. 2a were measured from the 
skin to the recording ebevercides. All the velocities were in the range 


4 
an 
aN 
- 
<3 
+ 
+ 
A 
4 
f 
f 
‘ 


340 A. IGGO 


0-55--1-25 m/sec for mechanoreceptors; most of the velocities lay between 
0-65 and 1-05 m/sec. If an adjustment is made for the slower conduction 
velocity in the distal part of the nerve these figures become 0-6 and 1-4 
m/sec for conduction in the main saphenous nerve. These values are within 
the limits of the velocities of the slowest and fastest waves of the compound 
action potential of C fibres in the saphenous nerve reported by Gasser 


a 
5 1-6 2:0 
3 m/sec 
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Conduction velocity (m/sec) 
Fig. 2. The relation between the conduction velocity of single afferent fibres and 
the sensitivity of their endings in the skin. (a) Mechanically-sensitive afferent 
units; these are the units described in this paper. The units are divided into three 
groups, of low [[], medium [] and high {J sensitivity, as described in the text. 
There is no obvious segregation according to mechanical sensitivity of the endings. 
(b) Temperature-sensitive units; {§ heat-sensitive, [] cold-sensitive. These results 
are taken from Iggo (1959) and Hensel et al. (1960). The conduction velocities 
in this figure are for conduction from the endings in the skin to the recording | 
electrodes. 


(1950). One fibre with a conduction velocity of 2-6 m/sec was recorded 
in the present work but the receptor was not identified; this velocity 
is at the upper limit for conduction in C fibres according to Gasser’s results. 

There was no apparent relation between the mechanical sensitivity of 
the mechanoreceptors and the conduction velocity of the afferent fibres. 
Figure 26 shows that the same conclusion holds for the thermoreceptors : 
there is no preferred velocity for the thermoreceptors and, as with the 
mechanoreceptors, the majority lie between 0-65 and 1-05 m/sec. Thee 


does not seem to be any segregation according to the thermal sensitivity 
of the units either. 
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The conduction velocity of the remainder of the units in this paper were 
assessed either from less accurate measurements of the conduction time (six 
fibres) or from the general features of the response to stimulation of the 
receptors (twenty-six fibres). Three useful guides to the size of the fibres 
were: (a) the interval between stimulation of the receptor and the arrival 
of the first impulse at the recording electrodes, a few milliseconds for 
myelinated fibres and more than 100 msec for the C fibres; (b) the con- 
figuration of the impulse and in particular the sound produced when the 


amplified impulses were played through a loudspeaker; the C spikes were 


longer than the A spikes, and less sharply inflected ; and (c) the presence of 
an after-discharge. The last was the least reliable guide, since although the 
afferent units with myelinated fibres conducting impulses as slowly as 
9 m/sec did not exhibit an after-discharge, neither did all the C fibres. 
Assessments of conduction velocity based on these indirect measures are, 
of course, less reliable than the direct measurements, and the results from 
such units were used only to supplement the data obtained from twenty- — 
seven units of known conduction velocity. Whenever a unit with a new 
type of response to natural stimulation was isolated, the conduction 
velocity of the afferent fibre was one of the first measurements made. 


The response to mechanical stimulation of the skin 
The standard stimulus used in the present work was pressure on the skin 
with a vertically applied nylon thread (cross-sectional area 0-25 mm?). 
The load (a force of 5g wt. in Fig. 3) reached a steady value within 
100-500 msec of its application and the probe was kept at the final 


_ position until it was removed after some seconds (Fig. 3). The rate of | 


application was not constant from trial to trial since the probe was lowered 
on the skin by manually turning the vertical movement of the micro- 
manipulator on which the probe was mounted. The discharge of impulses 
in the afferent fibres reached its peak frequency within 100 msec of the 
first impulse and remained at or near the peak value for as long as the load 


_ was approaching the final value and for a short time after the steady value 


was reached. In the example shown (Fig»3) there was an initial burst 
(peak frequency 60/sec) lasting 500 msec, after which the frequency of 
discharge fell quickly at first and then more slowly. In this figure the 
upper record has been moved to the left by a distance which equals the 
conduction time from the nerve endings to the recording electrodes. As 
a result, the relation between stimulus and response of the nerve-endings 
is shown more clearly. A similar response is shown in Fig. 5. The most 
persistent discharge of impulses was obtained when the probe was on the 
centre of the receptive field. At one trial the peak discharge was 50/sec, 
this fell to 16/sec after 1 sec, and 10 sec later it was 4/sec. With some units, 
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the discharge persisted at frequencies as high as 20/sec for 30 sec. This 
pattern of response was characteristic of the C fibres, an initial high- 
frequency burst of impulses during and immediately after application of 
the stimulus followed by a variable persistence of the discharge at a 


Fig. 3. The response of a C mechanoreceptor to mechanical stimulation of the skin. 
Initially the probe was stationary just above the skin and was then lowered and 
reached its final position in 350 msec. This position was maintained for 1 sec and 
the probe was then lifted clear of the skin. The initial burst of impulses reached a 
peak frequency of 60/sec as the load was being applied, after 1 sec the frequency 
had fallen to 12/sec. There was an off-burst as the probe was removed from the skin 
and a brief after-discharge. 

In this figure the upper trace, which shows the impulses i in a single C fibre, has 
been moved to the left by a distance which corresponds exactly with the con- 
duction time from the nerve endings to the recording electrodes. The arrow 
indicates the original position of the first impulse. This has been done to show more 
exactly the temporal relation between stimulus and response. It has not been done 
for any other records in this paper. 


0-1 sec 


| | 


Fig. 4. The brief response of a low-sensitivity C mechanoreceptor to squeezing 
a fold of the skin with forceps. The stimulus indicated by the lower line was 
continued throughout the latter part of the record, at which time the unit was not 
responding. 


gradually falling frequency during the steady maintenance of the stimulus. 
An example of a brief response is given in Fig. 4 which shows the discharge 
of impulses in the fibre from an insensitive mechanoreceptor in shears ce to 
squeezing a fold of the skin with forceps. 
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Frequency of discharge in single C fibres 

The peak frequency of discharge in response to natural stimulation was 
100 impulses/sec. This high frequency, evoked only by high-intensity 
stimulation, was rarely maintained for more than a few impulses even with 
very rapidly applied loads. The peak frequencies in a sample of nineteen 
fibres ranged from 20 to 65 impulses/sec (mean 44). The sample included 
examples of all the categories enumerated in Fig. 7. There was no attempt to 
use maximal stimuli, nor were fibres firing at high frequencies selected. 
A more significant index of the activity in the C fibres is probably the total 
number of impulses carried in 1 sec. This ranged from 17 to 48 impulses 
(mean 24) for the same group of fibres, in the first second of stimulation. 
In some fibres the discharge persisted at 30 impulses/sec for several seconds 
during stimulation but more often the rate of firing had fallen to 5- 
10/sec, or had stopped, within a few seconds. Examples of single units are 
illustrated in Figs. 3, 4 and 5. Similar rates of firing were found for the 
thermoreceptors with afferent C fibres (Iggo, 19596; Hensel et al. 1960) and 
for the visceral afferent C fibres (Iggo, 1957a, b). 

Repetition of brief mechanical stimulation sets up an irregular discharge 

of impulses. For example, stroking the skin 4 times/sec gave frequencies 
in a single fibre fluctuating between 5 and 50 impulses/sec. 
_ The rate of discharge in small myelinated fibres has also been recorded. 
With small A fibres (e.g. an A fibre with a conduction velocity of 9 m/sec) 
the frequency exceeded 200 impulses in the first second of stimulation. As 
with the C fibres there was an intermittent discharge when the skin was 
stroked repetitively; the bursts of impulses were, however, even more 
distinct than with the C fibres. 


Size of the receptive field 

The receptive field in these experiments is defined as that area of skin 
from which a steady discharge of impulses could be evoked in the afferent 
fibre by the weakest stimulus to the skin. The fields as measured probably 
over-estimate the area of skin in which the sensitive nerve endings were 
present, because the spread of the stimulus through the skin was un- 
avoidable. 
The field was measured in ten fibres by mapping the response of the 
individual unit to punctate stimulation with the 0:25 mm? probe, 
mounted on a micromanipulator. The pressure was monitored in order to 
produce a standard stimulus. Typical results are illustrated in Fig. 5. At 
the most sensitive spot on the skin the discharge appeared with the — 
shortest latency, the highest frequency and the slowest adaptation. When 
the probe was moved away from such a spot there was a smaller response 
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until with the probe 3 mm away from the centre of the field, the unit failec 
to fire unless the stimulus intensity was increased. The influence of the 
position of the stimulus on the latency of the response is shown in Fig. 5+. 
At the centre of the field the latency was 145-165 msec, and if the conduc- 
tion time (130 msec) is subtracted, this is reduced to 15-35 msec. The 
latency 2 mm away had increased to more than 400 msec. | 

A flat surface was necessary for accurate mapping and the most success- 
ful experiments were those in which the receptor was in the medial skin of 
the thigh or leg. For the ten carefully mapped units the fields measured 
from 2x2 to not more than 5x 5 mm?. In seven other fibres the fields 
were mapped less accurately, but similar dimensions were found. No unit 
was found with a larger réceptive field. However, for the hair receptors 
and the most sensitive mechanoreceptors, the apparent field was some- 
times as large as 50x 50 mm?. The size depended on the intensity of 
stimulation. Such apparently large fields resulted from the use of un- 
monitored stimuli. Slight movements caused by exploring the skin and 
hair were sufficient, with the most sensitive units, to excite endings in 
skin several centimetres away from the probe. Progressive reduction 
of the stimulus led eventually to the accurate location of the usual small 
field. 

There was never more than one small part of the skin surface from which 
a discharge of impulses could be evoked by a stimulus about twice thres- 
hold. The single C fibres presumably, therefore, terminate in a small area 
of skin and any branching must occur close to the terminations. 


Rate of adaptation 

The discharge of impulses provoked by pressing steadily on the centre 
of the receptive field of a C mechanoreceptor did not persist indefinitely 
even when the stimulus was well above threshold. The following result is 
typical of many of the more sensitive units. There was an initial burst of 
impulses at 60-70/sec as the load was being applied. After 1 sec the 
frequency had fallen to 25/sec. This quick phase of adaptation was 
succeeded by a more gradual fall in the frequency. At 1-5 sec, the rate was 
16/sec and after 10 sec it was 4/sec. Other units adapted more slowly: 
20 sec after the load was applied one unit was firing at 30/sec. Still other 
units adapted more quickly, e.g. Fig. 4 shows a response to squeezing the 
skin which lasted only 1-5 sec even though the stimulus was maintained. — 

The A hair receptors and the A touch receptors adapted much more 
quickly than the comparable C fibres. The slowly-adapting A pressure 
receptors in the cat and rabbit, on the other hand, have a very much more 
persistent discharge and were still firing after 5 min of steady stimulation 
(Frankenhaeuser, 1949; N. Fjallbrant & A. Iggo, unpublished experiments’. 
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Fig. 5. The receptive field of a C mechanoreceptor. (a) shows five records obtained 
when different spots on the skin were touched with the probe. The final load is 

| nearly the same (2 g wt.) for all positions. The distances of the probe from the 
most sensitive central position are indicated in millimetres. (b) is a diagram 
summarizing all the results for the same unit. The skin was stimulated on a 1 mm 
grid and each spot is indicated by a filled circle in the diagram. The latency of the 
first impulse at each position is shown by the shading. At the centre of the field the 
latency was least, the rate of firing was highest and the persistence of the dis- 
charge was longest. The following meaning is given to the shading: 


Impulses 
Latency in first 
(msec) 1-5 sec 
145-165 35 
200-350 22 
440-750 6 
0 
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After-discharge 

A characteristic feature of the C mechanoreceptors, especially the more 
sensitive examples, was the persistence of the discharge of impulses for as 
_ long as 10 sec following a brief stimulation of the skin. It was especially 
prominent when the skin was stroked (Fig. 6). In this figure, the peak 
frequency of discharge was similar when the skin was stroked and when it 
was pressed. The after-discharge, however, was present only after stroking. 
Another example is shown in Fig. 8b; there was a persistent after-discharge 
in C fibres when the tips of the cat’s fur were stroked. The rate of firing 


Fig. 6..The response of a C mechanoreceptor (threshold, 50: mg wt.) to (a) stroking 
the skin and (b) pressing briefly on the skin with the nylon probe. The dashes 
indicate the approximate duration of the stimuli. 


during the after-discharge was always low. The peak frequency could 
reach 100/sec when the load was being applied. After removal of the load 
the frequency of the after-discharge was about 5/sec initially and as it was 
disappearing the rate would fall to less than 0-5/sec. An especially pro- 
nounced after-discharge was found when the skin had been left undis- 
turbed for as long as 30 min. At the same time there was an enhanced 
excitability of the endings to mechanical stimulation. 


Inexcitability as a consequence of repeated stimulation 

When a mechanical stimulus was repeated frequently at short intervals, 
the response to successive stimuli was progressively reduced. This effect was 
_ more evident when the stimulus was the nylon probe than when the skin 
was stroked. In a typical example the receptor was stimulated by pressing 
on the skin 10 times in 13 sec. The number of impulses evoked by the 
successive stimuli were 7, 2, 3, 3, 1, 2, 1, 0, 0, 0. One minute later the 
unit could be excited again by a similar stimulus. Similar stimulation of 
another unit for 25 sec abolished the response to mechanical stimulation 
for 4 min, after which there was a gradual recovery of the initial sensitivity. 
At 15 min the after-discharge reappeared and the response was almost 
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restored to its original value. Stroking the skin for 30 sec did not alter the 
immediate response of this same unit to stroking the skin, but did lessen 
the after-discharge. Rubbing the skin abolished the response to mechanical 
stimulation. 

When an interval of at least 30 sec was left between successive stimuli, 
the response to a standard stimulus was uniform. More frequent stimu- 
lation led to a progressive fall in the response. 


Group | iN (16) iN (24) 
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Fig. 7. A histogeam showing the threshold values for 24 mechanoreceptors. The 
hatched areas QJ refer to 6 thermoreceptors (data from Iggo, 19596). The 
interrupted eettionl lines at 0-5 and 3-1 g wt. indicate the boundaries chosen in 
the classification of the mechanoreceptors into three groups, I, II, and III ac- 
cording to sensitivity (see text). The numerals in parentheses give the total 
number of units of the appropriate sensitivity which were found. They include, 
in addition to the units the sensitivity of which was measured, receptors whose 
sensitivity was assessed from less accurate tests. 


Sensitivity of the mechanoreceptors 

There was a wide range in the sensitivity of the mechanoreceptors to 
mechanical stimulation, as is indicated by the thresholds which ranged 
from 25 mg wt. to 5 g wt., a ratio of more than 200:1. Figure 7 is a histo- 
gram showing the frequency distribution of all the units for which there 
were threshold measurements. It probably does not represent a fair 
sample of the mechanoreceptors because the most sensitive endings were 
the easiest to find. An alternative way to describe the sensitivity of the 
receptors is in terms of their response to the mechanical stimuli to which 
the skin is normally exposed and which are also commonly employed in 
the experimental analysis of reflexes initiated from the skin. These are 
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touching, stroking, rubbing, pinching, etc. The following division into three 
categories, although arbitrary, is useful in indicating the wide range in 
sensitivity of the C mechanoreceptors. 

1. Highly sensitive endings (18 fibres). This group includes the receptors 
to the left in the histogram in Fig: 7 and a boundary at 500 mg wt. has 
been chosen. The most sensitive of these units had a threshold of 25 mg wt. 
Some of these very sensitive units could be excited by touching the tips of 
the hairs, whereas other equally, or even more, sensitive to direct pressure 
on the skin could not be excited by similar movements of the hairs. The 
C hair receptors were excited by moving only the tips of hairs, and the rate 
of discharge in response to such mild stimulation was surprisingly high; 
e.g. for one unit the discharge was at 25/sec when the tips of the hairs were 
brushed and was not more than doubled by a firm stroke of the skin. 
Another unit gave a burst of impulses lasting 1-5 sec, with a peak fre- 
quency of 32/sec, when the hairs were bent backwards. This persistent 
discharge from the C hair receptors when they were moved from rest to a 
new position and held there is quite characteristic and very different from 
the brief burst of impulses at high frequency from the A hair receptors 
(Fig. 8). 


2. Medium sensitivity (20 fibres). Units excited by stimuli between 0-5. 


and 3g wt. are placed in this group. These units were not excited by 
lightly touching the fur or liglitly stroking the skin. A firmer stroke of the 
skin or light pressure was required. 

3. Low sensitivity (24 fibres), threshold greater than 3 g wt. These units 
were not excited easily by a firm stroke along the skin with a smooth rod. 
Firm pressure with the points of forceps or a sharp pin or squeezing a fold 


of the skin, or pulling the hairs was required. The usual response was a 


burst of impulses lasting 1—2 eC, ©.g. Fig. 4. 
Comparison with A mechanoreceptors 

The cutaneous receptors innervated by myelinated (A) and by non- 
myelinated (C) fibres have overlapping thresholds for mechanical stimu- 
lation. The thresholds of the most sensitive A touch and A hair receptors 
were too low to be measured with the transducer used to excite the C 
mechanoreceptors; they are therefore more sensitive than the most sensi- 
tive C mechanoreceptor yet found. Many A pressure receptors had 
thresholds of more than 1g wt., ie. higher than the most sensitive 
mechanoreceptors, and Frankenhaeuser (1949) has reported similar 
thresholds for slowly-adapting pressure receptors with afferent fibres in 
the rabbit’s sural nerve. There are still other A pressure receptors which 
were not excited by loads of less than 5 g wt. (A. Iggo & N. Fjallbrant 
unpublished observations). Some of these differences are illustrated in 
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Fig. 8, which shows the activity in a multifibre strand of the saphenous 

nerve. Very weak stimuli excited only A hair fibres, stronger stimuli 
brought in C hair fibres and pulling the hairs added one A fibre (with the 
largest spike in the tracing, an A pressure receptor) together with several 
other unidentified units. The A pressure receptor could also be excited by 
pressing on the skin. 


The effect of thermal stimuli 


If the mechanoreceptors were excited at all by heating the skin, they 
required much higher temperatures of the stimulating rod than did the 


—_— = = 


Fig. 8.. Impulses in a multifibre strand of the saphenous nerve. a and b show the 
response to stroking the tips of the hairs, lightly in a and more firmly in 6. Ina 
there is a brief high-frequency burst of impulses in a myelinated fibre; this burst 
is longer in 6 and in addition there is a later more prolonged burst of impulses in 
at least two C fibres. These records idlustrate the greater sensitivity of the A hair 
receptors. ¢ and d show the response to bending the hairs and holding them in 
their new positions; c for the A hair fibre and d for the C hair fibres. The discharge 
in the non-myelinated fibres persists at a relatively higher freyuency than in the 
A fibre. e illustrates the effect of pulling on the hairs. Several additional units 
are now firing, including an A pressure receptor (largest spike). 
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heat receptors (Iggo, 19596). There was a brief discharge of impulses 
lasting perhaps 1 sec when rods at 80-100° C touched the skin. The units 
thereafter failed to respond to previously effective mechanical stimuli and 
also failed to be excited by the heat. Presumably the nerve endings had 
been damaged by the high temperatures needed to provoke a response. The 
heat receptors on the other hand gave consistent responses with much 
milder thermal stimuli, and continued to respond to appropriate stimu- 
lation for at least 3 hr (Iggo, 19596). Zotterman (1936) has also recorded 
this effect of high temperature in abolishing the response of A mechano- 


receptors to mechanical stimulation at the same time as it provoked a 


discharge of small impulses in other fibres. 


TaBLE 1. The relative proportions (%) of different types of 
cutaneous receptors innervated by C fibres 


Total sample of C fibres (97 fibres) _ 


; Mechanoreceptors Thermoreceptors 
Fibres nae 58 39 


“Heating skin Cooling skin 
"Sensitivity ... High Medium Low High Low High Low. 
31 28 41 8 60 16 16. 
(Data from Iggo, 19596; Hensel et al. 1960; and the present paper.) 


‘ 


Cooling the skin may excite C fibres which can also be stimulated by 
mild mechanical stimulation (Douglas et al. 1959). When single C mechano- 
receptors were examined, the discharge of impulses excited by cooling the 
skin was brief and at a low frequency. In order to demonstrate the effect 


of cooling, it was necessary to ensure that the thermal stimulus was not | 


contaminated by any mechanical component, otherwise the much more 
effective mechanical stimulus masked the response. Thermodes were used 
in the most successful experiments. The rate of firing in response to sudden 
cooling of more than 4° C was less than 5/sec, compared with more than 
50/sec in response.to mechanical stimulation (see also Hensel et al. 1960). 
In contrast, the C cold fibres responded with a regular discharge of im- 
pulses which continued at least 30 min (Hensel et al. 1960). 


The thermoreceptors had very high thresholds for mechanical stimu- — 


lation ; they fell into category III of the mechanoreceptors, but could be 
distinguished from the latter by their responses to thermal stimuli. 


DISCUSSION 
The single fibre results reported in this paper permit unambiguous 
statements to be made about some of the cutaneous receptors innervated 
by non-myelinated fibres. The receptors are not uniformly sensitive to all 
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cutaneous stimuli nor are they excited only by noxious or injurious 
stimuli. The results are in agreement with those of Zotterman (1939), 
Maruhashi et al. (1952) and Douglas & Ritchie (1957a), in showing that 
some of the © receptors have a high mechanical sensitivity. They go 
further, however, in establishing a wide range in the sensitivity of the. 
individual units. 

Douglas et al. (1959) have re-opened the question of the specificity of the 
afferent nerve endings by their suggestion that the excitation of the same 
C fibres by touch and by cooling is an example of dual specificity. Their 
methods, however, do not allow the responses of individual units to be 
followed. When single C fibres were examined the mechanoreceptors and 
the thermoreceptors exhibited significant differences in their responses to 
‘the same stimuli, particularly with respect to thresholds, rates of firing and 
the persistence of discharge during constant stimulation. 

Table 1 gives a summary of all the results with single afferent C fibres 
which have been obtained in the recent series of investigations. The sample 
is biased, first, because among the mechanoreceptors the most sensitive 
were the easiest to find, and secondly, in the work on thermoreceptors 
reported by Hensel et al. (1960) the thermoreceptors were selected and the 
mechanoreceptors were discarded. It is evident, however, that the 
mechanoreceptors, as Douglas & Ritchie (1957a) have suggested, are the 
predominant type. There are also numerous thermoreceptors with C 
afferent fibres. | | 

There was no apparent relation between the conduction velocity of the 
afferent fibres and either the degree or kind of sensitivity of the nerve 
endings to natural stimuli (Fig. 2). The scarcity of fibres of the slowest 
conduction velocity in the sample may reflect either the greater difficulty 
of isolating them as single units, or a real difference in the specificity of the 
endings. Douglas & Ritchie (1957) also had difficulty in exciting the 
slowest fibres with mechanical stimuli. 

The rate of firing in individual C fibres is shown by the present work to 
be lower than in the myelinated cutaneous afferent fibres, where it may 
exceed 800 impulses/sec in response to natural stimulation of the receptors. 
Direct recording of the impulses in single O fibres during natural stimu- 
lation of both visceral (Iggo, 1957a, 6) and cutaneous (Iggo, 19596; 
Hensel et al. 1960; this paper) afferent fibres has revealed rates of firing up 
to 100 impulses/sec. Douglas & Ritchie (19576) using an indirect method _ 
estimated that the ‘maximum rate at which mammalian non-medullated 
cutaneous afferent fibres fired in response to touch was low’—not faster 
than 10 impulses/sec. This very low estimate may have been due to the 
population of C fibres failing to respond in the uniform manner assumed in 
their analysis. The stimuli which they used would be likely to produce 
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widely fluctuating rates of discharge in an inconstant sample of the 
population which they were testing. 

Previous estimates of the size of the receptive fields for C fibres have 
relied on extrapolation from work on myelinated afferent fibres (Tower, 
1940; Bishop, 1946), and led to the expectation that they would be large. 


The present results show that individual C fibres have quite limited fields. 


The mechanisms of cutaneous localization may therefore be simpler than 
has hitherto been assumed, since there is probably much less overlap of 
receptive fields than was expected. 

The non-myelinated cutaneous fibres can no longer be regarded as 
exclusively nociceptive in function, since the most sensitive C mechano- 
receptors and C thermoreceptors are comparable in sensitivity with touch 
and temperature sense in man. There is, however, a wide range in the 
thresholds for natural stimulation within the group of non-myelinated 
cutaneous afferent fibres. An attempt to identify the nociceptors by 
making close-arterial injections of allegedly pain-producing chemicals into 
the skin was inconclusive (Fjallbrant & Iggo, 1959). 


SUMMARY 


1. Electrical activity. was recorded in single sii fibres, with 
conduction velocities ranging from 0-55 to 1-25 m/sec, dissected from the 
saphenous nerves of cats anaesthetized with chloralose. 

2. The cutaneous receptors were excited by mechanical stimuli, and 
the threshold loads ranged from 25 mg wt. to 7-5 g wt. The receptors were 
_ insensitive to heat and gave a brief discharge when the skin was cooled. 

3. The discharge in individual fibres reached peak frequencies of 
100/sec and persisted at rates as high as 50/sec for 1 sec. This discharge had 
an initial quick phase of adaptation, lasting less than 1 sec followed by a 
slow phase which, exceptionally, lasted for 30 sec. Frequent repetition of 
stimulation led to a temporary inexcitability of the ending. 


_4, The receptive fields of the receptors were small, ranging from 2 x 2 mm?, 
to not more than 5 x 5 mm?. 


I wish to thank Mrs N. Fjallbrant for her help with some of the experiments and Miss W. 
Sandie for her willing assistance throughout. 
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Methods for measuring the efflux of radioactive tracers from tissues are 
based on one of two principles. The first is that of measuring the activity 
of tracer-loaded tissue, while immersing it in flowing inactive saline 
- (Keynes & Lewis, 1951; Creese, 1954; Rayner & Weatherall, 1957, 1959; 
Persoff, 1958, 1959). The second involves counting the activity of samples 
of the initially inactive saline in which the labelled tissue is immersed 
(Hodgkin & Keynes, 1955; Rayner & Weatherall, 1957; Creese, Hashish & 


Studies on rat diaphragm by both methods -(Creese, 1954; Creese et al. 


“K from the spontaneously contracting right rabbit atrium shows marked 
deviation from simple exponential kinetics (Rayner & Weatherall, 1957; 
Persoff, 1958), even under steady state conditions (Rayner & Weatherall, 
1959). This paper reports results of experiments in which direct and 
effluent methods were used simultaneously to measure “K efflux from 
individual atria. 
METHODS 

The methods used were those of Rayner & Weatherall (1957, 1959) and Persoff (1958), 
with the following modifications: the salt solution used contained (mm): Na 145, K 5:3, 
Ca 1-7, Mg 1-2, Cl 128, HCO, 25, H,PO, 1-2, dextrose 11. The solution was gassed before 
and during use with 95% O,+5% CO,. The pH was 7-4, as checked with a Pye Universal 
pH meter, model 1066. 

A rabbit was killed by a blow on the head and bled. After removing the heart, the right 
atrium was dissected free, partly in cold saline and partly in air. The atrium was then 
stretched slightly and mounted isometrically as a horizontal triangular sheet on a rigid frame 
incorporating a piezo-electric device for measuring the rate of spontaneous contraction. The 
procedure took 5-10 min. Particulars of the frame, the direct-counting bath and the 
counting apparatus have been given by Rayner & Weatherall (1957, 1959). Temperature was 
maintained at 37° C by means of a pump perfusion system. With saline flow rates between 
5 and 180 ml./min, temperature in the apparatus varied less than +0-5° C. 

To keep saline flow above the critical rate for the ‘open’ system (experimentally deter- 
mined to be 20 ml./min), and for convenience in computing effluent activity, it was desirable 
to maintain a constant saline flow rate. This was achieved by using an all-glass constant 


Scholes, 1958 ; Klein & Holland, 1958; Persoff, 1959; Keynes & Swan, 1959). . 


1958) agree in giving efflux curves which do not deviate grossly from simple 
exponentials, and whose slopes appear to be similar. However, efflux of 
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pressure device (Fig. 1) designed on lines suggested by Vaughan Williams (1955). Gas was 
blown into the reservoir through the tube A where it was distributed through the saline, 
spread being facilitated by a sintered glass tip to the tube. After leaving the reservoir | 
via B, the gas was conveyed through polythene and glass tubing to a point well below the 
surface of a fixed volume (about 50 ml.) of saline in a 100 ml. measuring cylinder. The 
cylinder was mounted at a higher level than the reservoir. From here the gas escaped into 
the atmosphere. Constant intra-reservoir pressure, and therefore uniform saline flow rate, 
depended on the existence of a fixed volume of liquid in the cylinder and the maintenance 
of a flow of gas through the apparatus. The saline outlet of the reservoir was connected, via a 
100 ml. glass coil immersed in a water-bath at 37° C, to the saline inlet of the counting bath 
with polythene tubing. With the constant- -pressure device, saline flow rate through the 
counting bath (maintained at 30 ml. anes) was independent of the volume of saline in the 
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Fig. 1. All-glass apparatus for producing a constant rate of saline flow. A = gas 
inlet; B = gas outlet; C = measuring cylinder mounted above saline reservoir, D, 
and containing a fixed volume of liquid; H = saline outlet to atrium counting bath. 
Provided that the liquid level in the cylinder does not change, and gas is flowing 
through the apparatus, then saline flow rate is constant. 


reservoir. The total alteration in saline flow rate as the reservoir emptied and when the 
collecting beaker was changed was less than +1 % (s.£. of mean of 100 measurements). 
Atria were equilibrated in inactive saline for 120 min before being placed in saline 
containing **K prepared from irradiated spectroscopically pure K,CO, (A.E.R.E. Harwell), 
but otherwise identical in composition to the inactive saline. Exposure to **K was usually 
carried out in a side bath. The percentage exchange of tissue potassium at the end of the 
uptake period was estimated by the method used by Rayner & Weatherall (1957). In this — 
type of experiment the lower part of the atrium frame was dipped rapidly in a beaker of 
gassed inactive saline at 37° C before beginning the efflux measurements, to avoid contami- 
nating the effluent with active saline that had remained on the frame. In some experiments 
measurements by direct counting were made throughout the uptake period, by the method 
described by Persoff (1958). Efflux was measured by counting tissue activity directly by the 
method of Rayner & Weatherall (1959). In any one period of counting at least 5000 counts 
were registered. In the same experiments in which tissue activity was counted directly, 
effiuent samples were collected at 5 min intervals in 200 ml. beakers situated immediately 
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below the saline outlet. There was thus virtually no ‘dead space’ between the collecting 


beaker and the site of tracer exchange. 

When measurement of efflux was finished, the atrium was rinsed rapidly with isotonic 
choline chloride, blotted, and weighed before and after drying in a 15 ml, ‘Pyrex’ centrifuge 
tube in an air oven at 110° C during the night. The ashing technique used, with nitric and 
perchloric acids (1 ml. of 10:1 (v/v); British Drug Houses’ ‘Analar’ reagents), was modified 
from that described by Rayner & Weatherall (1959). A controlled temperature of not more 
than 180° C was found to be necessary, or else potassium was lost to, and sigan gained 
from, the glass tube. 

Potassium in solutions of ashed atria and diluted saline was estimated by using an ‘EEL’ 
flame photometer (Evans Electroselenium). Standards were prepared containing appropriate 
coneentrations of sodium. Recovery of added potassium was 99-4 + 2-8 % (s8.z. of mean for 
8 determinations). Activities of solutions of atria, diluted saline and effluent samples were 
counted in a liquid counter (cf. Rayner & Weatherall, 1957, 1959). Usually at least 5000 
counts were registered for each sample. The activities of the later effluent samples, however, 
were too low for this to be practical and only 1000 counts were registered. All counts (direct 
and effluent) were corrected for apparatus ‘dead time’, background (< 12 counts/min) and 
isotope decay. Tracer was used within 72 hr of being removed from the atomic pile. After 
calibration of the direct-counting apparatus against the liquid counter, the amount of 
activity lost by a given atrium was found to agree within +3 % (s.z. of mean of 15 results) 
with the amount of activity gained by the effluent. 

Efflux regressions and rate constants were computed by the method of ‘least squares’, 
with 5 consecutive values of log, (counts/min). No correction was applied for the difference 
in precision of early and late counts. 

Several right atria were stretched on frames and fixed in formalin immediately after 
dissection. They were embedded in resin, sectioned (8 » thick) and stained as described by 
Miles & Linder (1952). Diameters of cells were measured to the nearest 0-5 » with a micro- 
scope with a calibrated x 20 eyepiece and 3g inch (1-5 mm) oil-immersion objective. In 
addition, sections of right atria prepared by Rayner & Weatherall (1957) were re-examined. 


THEORY 
The outward movement of “K can be measured by two methods (‘direct’ 
and ‘effluent’). The relation between the two is required for the case where 
the semilog. activity-time curves are not linear, but the sum of two 
exponentials. In such a system, 
f = ae"! + (1) 


where f = total tissue activity (dimensions = counts/min) remaining 
after time't, and represents values obtained by the direct method; k, and 


k, are rate constants for “K exchange (dimensions = min™); a and b are 


constants with the same dimensions as /. 

The activity of the effluent in a given time is equal to that lost by the 
atrium in the same time. Its values are thus minus the differential of 
equation (1). If H = rate of loss of tissue activity (dimensions = counts/ 
min?), then df | 
E = = ak, eh! + (2) 


(cf. Keynes & Swan, 1959). 
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The values of f in equation (1) are plotted on semilogarithmic paper to 
obtain slopes from which k, and (by subtraction) k, are obtained (cf. 
Rayner & Weatherall, 1959). The slope of the semilog. activity—time curve 
for the direct counts is the differential of the logarithmic of equation (1), or 


= L(log f) = - 


ae*it + 
The slope of the semilog. activity—time curve for the effluent fluid is 


d 


(3) 


ab(k, — Ka)? (6) 


Since the quantity inside the brackets must be positive for all values of 


k, and k, (or zero when the k’s are equal), the slope S, must be greater 
than S,. 


From equations (3) and (4), 
fak, + bk, 
| 6) 
[ak?+ bk, 
and S, (7) 
Now if ak, > bk,, then 
2. Att-—> oo 
_ Referring to equation (3) and multiplying top and bottom by e*, then 
Pak, + bk 


for all values of ¢t. As ¢ tends to infinity, S, tends to —k,. Treating 
equation (4) similarly it can be seen that S, also tends to — ky. 


3. Value of a and b 
If the values of tissue activity at successive times of determination of 
efflux (corresponding to values of f in equation (1)) are plotted semi- 


‘ logarithmically against time, then the intercept on the f axis of the linear 


late part of the curve shows the value of a/b. When the effiuent values 
(corresponding to values of H in equation (2)) are similarly plotted, then 
the intercept on the E axis of the linear late part of the curve shows the 
value of ak,/bkg. 

Theoretical curves have been constructed by plotting f/f,. and H/H)» 
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semilogarithmically against t, for k, = 0-0375, k, = 0-0093, a = 0-78 and 
b = 0-22. These are illustrated in Fig. 3 and demonstrate the points.made 
in this section. 

A double exponential can result from a casaibe arrangement of two 
compartments: of tissue potassium (Gellhorn, Merrell & Rankin, 1944). 
Provided that potassium exchange was complete at the beginning of 
efflux, then a and b are the sizes of the potassium fractions exchanging 
with rate constants k, and k,, respectively. If tissue potassium was not 
fully exchanged at the beginning of efflux, then the above mathematics 
still apply, but the relative magnitude of a will be over-estimated if 
k, > k,, or under-estimated if k, > k;. 

A double exponential can equally well result from a series arrangement 
of two compartments of tissue potassium (Cohn & Brues, 1945). In this 
case a and k,, 6 and k, are related in a more complex way than in the 
parallel arrangement to the relative sizes of, and exchange rates in, the 
two compartments. 

RESULTS | 
Potassium contents of atria 


After isolation, right atria lose 5-10 % of their intracellular potassium, 
reaching a new steady state in 100-120 min (Table 1). Before measuring 
tracer movements in the experiments to be described, atria were equilibrated 


TABLE 1. Effect of time of immersion in saline on potassium contents of right atria 


Time (min) 0 120 240 360 480 
No. of atria 9 9 9 9 9 
Mean a (ymole/g dry wt.) 350 336 318 324 320 
of mean +4 +5 +9 +14 +12 


The loss of potassium at 120 min is significant (P < 0-05); thereafter there is no further 
significant loss. 


in inactive saline for 120 min. The assumption is made that individual atria 
_ were in a steady state of potassium exchange after this time. Following the 
period of equilibration, no deterioration of spontaneous activity was 
observed during experiments. The rate of contraction of different right 
atria varied between 170 and 190 per minute. 


Dimensions of atrial cells 

The frequency distribution of the diameters of 536 cells from 4 right 
atria is unimodal (Fig. 2), with a geometric mean size of 6-6 1. + 0-19 log, 
_ units (calculated as described by Creese, Neil & Stephenson, 1956). Two 
observers measured the diameters of approximately the same number of 
cells. There was no statistical difference between the two sets of data 
(P > 0-5) and the results were combined.’ Cell dimensions (fibre length 
and diameter) did not change with time of immersion in saline (P > 0-3). 


“Number of cells 
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Uptake of #K 
The two methods used to measure the uptake of “K—a single measure- 
ment.on a given atrium (Rayner & Weatherall, 1957) and successive 
measurements on the same atrium (Persoff, 1958)—gave results which did 
not differ significantly, as is shown in Table 2. 
A curve of the uptake of *K with the successive counting method, plotted according to the 


| model of Harris & Prankerd (1957), is illustrated in Fig. 5. Its significance in this form is 
considered in the general discussion. 
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Fig. 2 : Fig. 3 


Fig. 2. Distribution of diameters of 536 cardiac muscleé cells from four right atria. 
Rabbits were killed and atria placed in fixative immediately after dissection and 
stretching on frames of dimensions similar to that used in efflux experiments. 
Note the unimodal distribution; geometric mean size 6-6 p. 


Fig. 3. Comparison of experimental **K efflux curves and theoretical curves for the 
double exponential. @, tissue activity of Expt. 3; O, effluent activity from the 
same expt. The constants k, = 0-0375, k, = 0-0093, a = 0-78 and b = 0-22 were 
determined from the direct data of Expt. 3 as described in the text. These values 
” were substituted in equations (1) and (2) to obtain theoretical curves for f (con- 
| tinuous line) and £ (interrupted line), respectively. Semilog. scale. 


Comparison of efflux curves using direct and effluent methods 
When “K efflux from a contracting right atrium was followed by 
| counting tissue activity, the semilog. activity-time curve flattened, 
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becoming linear after about 240 min. For each atrium, effluent data gave a 
semilog. activity-time curve which was initially steeper than, but finally 
parallel to, the direct curve (Fig. 3). In fifteen experiments the initial rate 
constant calculated from effluent data (Sq 95 mim) Was about 17%, 
(range 12-3-25-7°%) greater than that (8,525 mim) Calculated from tissue 
activity data. The mean difference was highly significant (P < 0-001). 
In five of these experiments (Table 3), in which efflux was followed for 


TABLE 2. Comparison of methods used for measuring uptake of **K by atria 


Percentage exchange of atrial potassium 
(mean + 8.E.) 


lan 


Duration Si cance 
of uptake No. of expts: Successive of difference 
period counting Single value — 
(min) A B method (A) method (B). t ag 
20 4 3 38-1+1-6 39-9 + 0-7 0-9 > 0:3. 
40 1] 3 58-9 + 0-6 61-3+3:1 1-3. > 0-2 
80 4 4 89-4+ 1-2 | 1-1 > 03. 


TABLE 3. Comparison of efflux data obtained by direct and effluent methods 
Effluent 


Direct Direct Effluent Direct Effluent : 

Expt. Bains min) 2(5—25 min) “1(280-360 min) 2(280—360min) a:b ak, :bk, 

0-0374 0-0400 0-0088 0-0089 0-860:0-140 0-956: 0-044 

2 0-0297 0-0346 0-0080 0-:0074 0-835:0-165 0°962:0-038 

3 0-0287 0-0319 0-0093 0-0088 0-780:0-220 0-928:0-072 

4 0-0314 0-0395 0-0081 0-0072 0-835:0-165 0-960: 0-040 

5 0-0317 0-0385 0-0088 » 0-0092 0-850:0-150 0-963 : 0-037 
Mean 0-0318 0:0369 0-0086 0-0083 0-832:0-168 0-954:0-046 


For symbols and dimensions see theoretical section. Slopes were calculated as described 
in the text. The mean difference between Beith and Buk eienes is significant (P < 0-01); 
that between 224 18 NOt significant (P > 0-2). 


more than 300 min, the terminal rate constants mm 
S1(980-360 min) Obtained by both methods for a given atrium did not differ 
significantly (P > 0-2). The atrium of Expt. 3 (the efflux curves of which 


are illustrated in Fig. 3) was immersed in active saline for 120 min. 


Potassium exchange at the end of the tracer soak-in period was 944%. 


The other atria were immersed in active saline for only 80 min and their 
potassium was less fully exchanged (87-:1+1-7%). In Table 3 the ratio 
a/b is shown to be lower in Expt. 3 than in the others, as is expected in a 
system showing non-homogeneity of potassium exchange. 


The direct and effluent curves were adequately described by expressions for a double 
exponential, such as equations (1) and (2), respectively (Fig. 3). Constants were obtained 
from tissue activity data as follows. The semilog. slope of the points between 280 and 
360 min of efflux (k, in equation (1)) was calculated by the method of ‘least squares’. The 
intercept on the f axis of the calculated line drawn through these points gave the ratio of 
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a/b. Counts obtained from this line between 5 and 50 min of efflux were subtracted from 
total tissue counts at the same times, to give values from which k, was calculated by the 
method of ‘least squares’. The four constants obtained were substituted in equations (1) 
and (2), to obtain data from which theoretical curves were constructed. 


DISCUSSION 


In certain circumstances direct and effluent methods might measure the 
activity of different parts of a tissue and give rise to efflux curves which 
differ in shape. The effluent method gives an average measurement 
throughout the tissue thickness, while (with a thick tissue and weak 
radiation) the direct method might indicate what is occurring in the 
surface layers of the tissue. These layers could conceivably have a different 


- time course of “K_ efflux because of a differential distribution of cell sizes 
with depth. However, the right atrium is a thin tissue (about 0-3 mm 


thick) and “K is an isotope which emits strong radiation. Also, measure- 


_ ments throughout the thickness of a single atrium did not reveal a signifi- 
cant difference in cell dimensions between the centre and surface, although 


there is a thin layer of connective tissue surrounding the cardiac muscle. 
It is unlikely, therefore, that the above conditions apply. This conclusion 
is reinforced by the finding that experimental direct and effluent curves 
bear the relationship to each other predicted in the theoretical section 


(Fig. 3). 


Instead of measuring tissue activity directly, it is possible to obtain an 
estimate of the direct count by adding together the effluent counts and the 
final tissue count (cf. Keynes & Swan, 1959). In the present experiments 
the shape of the ‘cumulative’ curve is indistinguishable from that obtained 
by the direct method. Thus, provided that the hypothetical conditions | 
discussed in the previous paragraph do not apply, it is only necessary to — 
measure effluent activity. The particular merits of this technique have 


_been discussed by Hodgkin & Keynes (1955). 


In whichever manner the tissue count is obtained, the comparison of 
early direct and effluent rate constants permits rapid detection of non- 
homogeneity of ion exchange, before there is obvious departure from simple 
exponentiality. Provided that early S, is larger than early S, then simple 
exponential kinetics are not being followed. In addition to a saving in 
time (20 min instead of 3-5 hr in the case in point), short experiments 
minimize net ion change, which itself distorts the efflux curve (Harris & 


Burn, 1949). These points are well illustrated by reference to the experi- 


ments of Keynes & Swan (1959). They showed that the early effluent rate 
constants of “Na efflux were consistently larger than the ‘cumulative’ rate 
constants (Table 3 of their paper) on transferring labelled frog sartorius 
muscle to sodium-free lithium Ringer’s solution. During short periods of 


ry 
224 
| 
| 
| 
> 


362 D. A. PERSOFF 


measurement, tracer efflux did not obviously depart from simple ex- 
ponential kinetics, although the departure was quite marked late in efflux 
(Figs. 2 and 4A of their paper). 

The relationship between direct and effluent curves discussed above 
follows from the fact that the direct (or ‘cumulative’) curve can be 
described by the sum of two exponentials. It presumes nothing about the 
mechanism by which the departure from simple exponential kinetics is 
produced. Some models considered by other authors are discussed below. 


1-000 


0-500 


(log scale) 


40 80 120 160 200 240 280 320 

Time from beginning of efflux (min) 7 

Fig. 4. Direct efflux curve of Expt. 3 (@) compared with some theoretical curves. 
Dotted line is theoretical curve for model of Harris & Burn (1949) drawn from 
values obtained by substituting r = 1-1 in the equation 


f= +0 111 exp( 


9+r 
This theoretical curve does not show the degree of bend obtained experimentally. 
Broken line is theoretical curve for A = 0-6, according to the model of Creese et al. 
(1956). Agreement with the experimental curve is quite good, but A estimated 
from the scatter of cell diameters is only 0-19. Semilog. scale. 


Diffusion of “K through the extracellular fluid causes deviation from 
simple exponential kinetics (Harris & Burn, 1949). When data obtained in 
Expt. 3 are applied to the appropriate equations, as used by Creese et al. 
(1956), the value obtained for the constant r is 1:1. On substituting in the 
relevant equation (Harris & Burn, 1949, p. 520), a semilog. activity—time 
curve is obtained which only shows a small departure from linearity 
(Fig. 4). The curvature of the experimental plot is too extensive, therefore, 
to be explained simply in terms of extracellular diffusion. 
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Atria are mounted isometrically, contract under tension, and may 
stretch as experiments progress. The “K efflux rate constant could be 
decreased by a continuous enlargement of the extracellular space. How- 
ever, no deterioration of the mechanical activity of atria is observed during 
the course of experiments. There is no difference in the percentage exchange 
of potassium in stretched and unstretched atria, for up to 80 min of | 
immersion in active saline (Persoff, 1959) and cell dimensions do not 
appear to alter with time. 

Creese et al. (1956) explained small deviations from simple exponential 
kinetics in terms of a model in which the scatter of cell diameter sizes 
produces a log. normal distribution of rate constants. The value of A 
(the s.D. of the natural logarithms of the rate constants) giving a curve 
closest in shape to that of Expt. 3 is 0-6 (Fig. 4). Calculation of the distri- 
bution of cell diameters (Fig. 2) gives a A of 0-19. In Expt. 3 potassium 
exchange was not quite complete, so that the non-homogeneity was prob- 
ably a little less than that corresponding to A = 0-6. Even so, the dis-. 
_ crepancy between the two estimates of A is too great for the scatter of cell 
diameters to account for the observed deviation from simple exponential 
kinetics. However, cardiac muscle is a syncytium and variation in the 
length of fibre between branching points could contribute to the non- 
homogeneity. 

Creese et al. (1956) suggested that a further contribution to the non- 
homogeneity could be provided by variation in the properties of the 
membranes of different fibres (measured per unit area), independently of 
variation in fibre diameter. Alternatively, if there were an inverse relation 
between flux per unit area and fibre diameter, then rate constants would 
vary as (diameter)~*. This would appreciably enhance the apparent : 
non-homogeneity. 

Harris & Prankerd (1957) showed that slow intracellular diffusion of an 
ion would result in departure from simple exponential kinetics. Using the 
appropriate expressions, they showed that the curve for influx is linear — 
over a large part of its length. If efflux is begun at a time when the influx 
curve is linear then the efflux curve is linear too, and passes through the 
origin. The linear parts of both curves are parallel. The data of experiments 
with two right atria of about the same thickness have been combined to 
test this model. Tracer uptake by one atrium was followed for a total of 
40min; the other was immersed in active saline for 80 min before 
‘Measuring efflux by direct counting. Figure 5 illustrates the finding that, 

while the uptake points lie on approximately the same straight line the 
efflux points do not, and the model does not account for the shapes of the 
efflux curves. 

- Having failed to account stsdaplately for the departure from simple 
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exponential kinetics in terms of some models based on a single compart- 
ment, it is necessary to consider the possibility that the atrial potassium 
is contained within more than one discrete compartment. Both parallel 
and series arrangements are possible. In terms of a parallel arrangement 
of two compartments, the fast fraction could be contained within viable 
cardiac muscle cells. The slow fraction could: be contained within the 


02 


Bad: 
[705 (influx) or (efflux) 


Fig. 5. Influx and efflux data of two experiments with contracting right atria plotted 
according to the model of Harris & Prankerd (1957). x, uptake of **K for 40 min; 
O, efflux of **K from the same atrium after 40 min; ®, uptake of **K at 80 min; 
©, efflux of 4K from the same atrium after 80 min; 7’ = duration of influx (min); 
t = duration of efflux (min). Although uptake values of both expts. lie on roughly 
the same straight line, the efflux curves are not linear. Only the first few efflux 
values for each expt. lie on the same line, parallel to the uptake line and passing 
through the origin (dotted line). This model does not account for the deviation 
from simple exponential kinetics of 4*K exchange in the atrium. 


connective tissue, which is intimately bound up with, and surrounds, the 
cardiac muscle. A second possibility relates to the observation that about 
10% of the tissue potassium was lost during the period of equilibration. 
This loss could result from ‘death’ of, and consequent failure of active 
transport in, cardiac muscle cells in the centre of the contracting atrium 
(cf. Creese et al. 1958). The slow fraction could be potassium within these 
‘dead’ cells exchanging passively. Either of the alternative possibilities 
would account for the observation that the non-homogeneity of potassium 
efflux is greater in contracting than in quiescent atria (Persoff, 1958). This 
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observation could be explained on the assumption that mechanical activity 
is associated with a selective increase in the permeability of the viable 
cardiac muscle membrane to potassium ions. 

The simplest series arrangement is that in which the two fractions of - 
potassiuin are contained within the intracellular and extracellular fluids. 
However, the extracellular fluid in the atrium contains only about 4% of 
_ the total tissue potassium (Rayner & Weatherall, 1957) and most of it is 
lost within the first 4 min of efflux. Another series arrangement could be 
one in which the fast phase of exchange occurs at the cell membrane 
and the slow phase of exchange takes place at the membrane(s) of some 
déeply placed intracellular structure(s), for example, the sarcosomes, as 
was suggested by Rayner & Weatherall (1959). 

A useful indirect test for a parallel arrangement of two compartments 
can be derived from equation (8), which states that if ak, > bk,, then early 
S, = —k,. In the parallel model &, is the rate constant of tracer efflux 
from the fast fraction. Any alteration in early S,, produced by an experi- 
mental procedure, reflects the change which is occurring in the rate of 

tracer movement in the fast fraction exclusively. Similarly, it follows from 
equation (9) et seq. that a change in terminal S, reflects the change which is 

_ occurring solely in the slow fraction. Direct and effluent rate constants - 

ought to be altered to different extents by experimental procedures which 

affect only one or other of the compartments, in the manner discussed by 

- Keynes & Swan (1959, p. 601). Use could be made of these relationships 

in experiments with contracting atria, since ak,/bk, = 24 (Table 3). 

In conclusion, it may well be that all the compartments suggested (and 
probably others) are present in the atrium. Tracer efflux from more than 
two compartments can be described reasonably well by a double expo- 
nential, as was shown by Cohn & Brues (1945). The solution to this parti- 
cular problem awaits the direct separation of the compartments. 


| SUMMARY 

1. Experiments have been performed in which “K efflux from a single, 
contracting, right atrium from the rabbit was measured both by direct- 
counting and effluent-activity methods. Atrial potassium was in a steady 
state during the period of measurement of tracer movement. 

2. Marked deviation from simple exponential kinetics was observed, as 
first described by Rayner & Weatherall (1957). The direct efflux curve 
was accurately described by the sum of two exponentials (Rayner & 
Weatherall, 1959). | | 

3. In a system in which “K_ efflux follows the sum of two exponentials, 
it has been shown on theoretical grounds that the early rate constant 
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derived from effluent data is larger than that derived from direct data. 
The late rate constants are the same by both methods. 


4. These criteria for heterogeneity of efflux apply satisfactorily to 
experiments with atria. The early rate constants derived from effluent data 


were about 17 % (mean) larger than those derived from direct data, while 
the late rate constants were equal. 


I am greatly indebted to Professor Miles Weatherall for making freely available the 
facilities of his laboratory, for his constant supervision and advice, and for giving me access 
to his histological preparations of right atria. It is a pleasure to acknowledge, with many 
thanks, the time spent by Dr R. Creese in helpful discussion. I am indebted to Mr J. O’Kelly 
and Miss 8. Gross for technical assistance and to Mr J. E. Linder for the histological prepa- 
rations. The expenses of this research were met by a scholarship awarded by the Governors 
of the London Hospital Medical College. 
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INTRACELLULAR HYDROLYSIS OF DIPEPTIDES DURING 
INTESTINAL ABSORPTION 


By H. NEWEY* Anp D. H. SMYTH 
From the Department of Physiology, University of Sheffield 


(Received 29 February 1960) 


Newey & Smyth (1959a) found that when solutions containing certain 
dipeptides were placed in contact with the intestinal mucosa these were 
not transported as such, but the constituent amino acids were found on 
the other side of the intestinal barrier, i.e. in vitro in the fluid bathing the 
serosal surface, or in vivo in the blood stream. The only exception was 
glycyl-glycine, when it was found that small amounts of the dipeptide 
passed through the mucosal barrier, but even here the amount of dipeptide 
transported was small, and by far the greatest amount was transported 
as glycine. The in vitro results have been confirmed for other dipeptides 
by Wiggans & Johnston (1959). The present experiments were undertaken 
to investigate the site of dipeptide hydrolysis and in particular to determine 
whether dipeptides could enter the mucosal cells. A preliminary account 
has been given by Newey & Smyth (19595). 


METHODS 


In vitro. The technique was that of the sac of everted small intestine of Wilson & Wiseman 
(1954). Rats were anaesthetized with pentobarbitone sodium, and the small intestine removed 
below the level of the duodenum. This was everted and divided into five approximately 
equal lengths, and sacs were made from one or other of these lengths. The sacs contained 
1 ml. bicarbonate saline (Krebs & Henseleit, 1932) and were suspended in 50 ml. bicarbonate 
saline in equilibrium with 5 % CO, and 95 % O, in flasks, as described by Parsons, Smyth & 
Taylor (1958), and shaken at 80 cycles/min in a Warburg bath at 38°C. In all cases the 
saline contained initially 500 mg glucose/100 ml. saline. Peptides were added as described 
in subsequent sections. 

The principle used in deciding whether peptide hydrolysis occurred in the fluid i in which 
the sacs were suspended, or whether it occurred after peptide entered the cells, was as 
follows. If sacs are incubated with a glycyl peptide present in the outer (mucosal) solution 
only, it is found that at the end of 1 hr both mucosal and serosal fluids contain considerable 
amounts of glycine. This formation of glycine could be due to (1) peptidases present in the 
mucosal fluid, (2) peptidases inside the mucosal cells acting on peptides which had entered 
these cells, or (3) peptidases in the serosal fluid acting on peptides which had escaped 
intracellular hydrolysis and passed unchanged into the serosal fluid. Hydrolysis in the last 
two sites can occur only if peptides enter the mucosal cells from the mucosal fluid. Hence 
the difference between the total peptidase activity of the system and the activity due to 
peptidases in the mucosal fluid will be a measure of the entry of peptides into the mucosal 
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cells. The total peptidase activity was estimated as follows. A sac of everted intestine was 
made and suspended in mucosal fluid containing peptide, and incubated for 30 min. The 
sac was then removed, opened and the serosal fluid drained out. To this was added an 
extract of the intestine, and the glycine content of this mixture determined. A sample of 
mucosal fluid was taken, the glycine content of this determined and from this the total 
glycine in the mucosal fluid was calculated. This, added to the glycine in the combined 
serosal fluid and intestinal extract, gave the total peptidase activity. 

As a measure of the peptidase activity of the mucosal fluid it was not permissible to take 
the amount of glycine present in the mucosal fluid at the end of the incubation period, 
because (a) some glycine produced by peptidases in the mucosal fluid might be taken up by 
the mucosal cells, and (b) some glycine produced in the mucosal cells might diffuse back 
into the mucosal fluid. (The results presented show that this did in fact occur.) Instead, 
the following procedure was used. Preliminary experiments showed how much peptide 
disappeared from the mucosal fluid during the 30 min incubation. After collecting the 
mucosal fluid at the end of this period and after taking a sample, an amount of peptide was 
added to the mucosal fluid to replace approximately that likely to have disappeared. The 
mucosal fluid was then incubated for a second period of 30 min, and another sample taken 
for estimation. The increase in glycine content during this second incubation period was a 
measure of the peptidase activity in the mucosal fluid, This involved, however, the assump- 
tion that the peptidase activity was stable during incubation. To control this, the mucosal 
fluid was incubated for a third 30 min period. Comparison of the glycine produced in the 
second and third periods was an indication of the stability of the peptidase. Further 
control experiments were carried out as described later. 

In describing the results certain terms are used which should be clearly defined. The term 
‘first incubation period’ is used to refer to the period when the fluid was being incubated 
in the presence of the sac of intestine, the ‘second incubation period’ and ‘third incubation 
period’ refer to the subsequent incubations after the sac had been removed. ‘Total peptidase 
activity’ is used to refer to the activity of all the peptidases present in the mucosal fluid, 
intestinal wall and serosal fluid, and these peptidases are referred to collectively as ‘total 
peptidases’. The term ‘mucosal-fluid peptidase activity’ or ‘mucosal-fluid hydrolysis’ is 
used to refer to the hydrolysis of peptides by the fluid in which the sacs are suspended. 
It is also convenient to have a term to refer to the hydrolysis which occurs after peptides 
have entered the mucosal cells. This term must include hydrolysis occurring both in the 
wall of the intestine and inside the sac. For this it is proposed to use the term ‘intra- 
intestinal hydrolysis’. No better term suggests itself, and although not strictly accurate it 
avoids repetition of a much longer phrase. It is in fact quite immaterial to our argument 
whether ‘intraintestinal hydrolysis’ takes place in the wall of the intestine or inside the sac, 
and Newey & Smyth (1959a) have produced evidence suggesting that the peptidase activity 
of the serosal fluid is small compared with the total peptidase activity. 

In vivo. Rats were anaesthetized with pentobarbitone sodium and the procedure used 

was that described by Sheff & Smyth (1955). If saline containing peptide is circulated 
through a loop of intestine it is found that peptide disappears. This loss of peptide from the 
luminal fluid could be due to (1) hydrolysis of peptide by peptidases in the luminal fluid 
or (2) entry of peptides as such into the mucosal cells. The difference between the total 
amount of peptide which disappears and the amount hydrolysed by peptidases in the 
luminal fluid will be-a measure of the amount of peptide which enters the mucosal cells. 
In order to determine the total amount of peptide which disappears, 50 ml. of solution 
containing peptide was circulated for 30 min. At the end of this period the amount of 
peptide remaining was estimated and hence the amount which disappeared was calculated. 
In order to determine the amount of hydrolysis due to peptidases in the luminal fluid, saline 
containing no peptide was circulated through the intestine of the rat for 30 min. At the 
end of this period the fluid was conented, peptide was added to make the desired concentra- 
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tion, and the solution was incubated for a further 30 min and the extent of hydrolysis 
determined. 

Chemical. The peptides used were glycyl-glycine, glycyl-L-tyrosine, glycyl-t-leucine, 
t-leucyl-glycine and glycyl-t-tryptophan. These were obtained commercially. They were 
tested for the presence of free glycine both before and after acid hydrolysis. No significant 


_ amounts of free glycine were present in any of the peptides. The determination of peptide © 


was carried out by estimation of free and bound glycine by the same methods as used 
previously by Newey & Smyth (19594). 


RESULTS 

| Experiments in vitro 
The results can be illustrated with an experiment on glycyl-glycine, 
which is included in Table 1. A sac was made frcm the middle fifth of the 
intestine. This was filled with 1 ml. of bicarbonate saline containing 
500 mg glucose/100 ml. It was suspended in 50 ml. of the same solution 
containing in addition glycyl-glycine in concentration 0-0151Mm, and 
incubated in aerobic conditions. After 30 min the sac was removed and 
the contents drained out and added to an extract of the sac. The combined 
solution was subsequently found to contain 103 umole of glycine. The 
mucosal fluid contained 88 mole of glycine, and hence the total peptidase 
activity of the system produced 191 pmole of glycine. To the mucosal fluid 
was now added 151 wmole of glycyl-glycine, as preliminary experiments 
had shown that this would bring the peptide content roughly to its initial 
level. On incubation of the mucosal fluid for 30 min the increase. in glycine 


_was 8-0 umole. On further incubation for a third period of 30 min the 


increase in glycine concentration was 6 wmole. The glycine production 
during the second period (8 pmole) is that produced by peptidase in the 
mucosal fluid. This is very much smaller than the total glycine produced | 
during the first period (191 .mole) and it therefore follows that most of the 
glycine production during the first period was due to intraintestinal 
peptidases, which includes also possible peptidase activity at the mucosal 
surface of the cells. The difference between the production in the second 
and third periods represents deterioration of the peptidase during incuba- 
tion, and the small change in glycine production between the second and 
third periods makes it unlikely that the results could be explained by a 
very large deterioration of the mucosal fluid peptidases during the first 
period. | | | 

This control experiment on stability of peptidase is not completely 


‘satisfactory, as it is just possible that there may be a rapid deterioration 


during the first incubation period, which is not indicated by the difference 
between the second and third incubation periods. Furthermore, the 
amounts of glycine produced by the mucosal fluid peptidases during the 
second and third periods are small, and hence the error in the measurement 
24-2 
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is relatively large. A further control experiment was therefore done in 
which a section of gut was homogenized in 110 ml. bicarbonate saline in 
order to get a solution containing peptidase without having to incubate 
for 30 min. Two 50 ml. fractions were taken: to one was added 2272 pmole 
glycyl-glycine, and both were incubated for 60 min at 38° C. To the one 
which had contained no glycyl-glycine 2272 ~»mole was now added and 
this was incubated for a further 60 min. The glycine content of the two 


_ fractions was determined; the first was found to contain 790 wmole and 


the second 750 pmole. This shows that there was no substantial deteriora- 
tion of peptidase activity during the first 60 min incubation. | 


TaBLE 1. Production of glycine from various dipeptides by mucosal fluid peptidases and 
total peptidases of sacs of intestine. The sacs contained 1 ml. bicarbonate saline with glucose, 
and were suspended in 50 ml. bicarbonate saline containing glucose and dipeptide. The 
initial concentration of dipeptide in all cases was 0-0151M. The duration of the Ist, 2nd and 
3rd incubation periods was in all cases 30 min. For explanation of table, see text 


Glycine produced by total | 
peptidases (lst incubation period) Glycine produced by 


(umole) mucosal fluid pepti- 
A dases (mole) 

Serosal A 
fluid and . 2nd 3rd 

Mucosal extract of incubation incubation 

Dipeptide fluid intestine Total period period 
Glycyl-glycine | 88 103 191 8 6 
72 89 161 8 16 
Glycyl-t-leucine 134 73 207 93 70 
110 75 185 98 — 60 
Glycyl-L-tyrosine 55 134 30 28 
68 67 135 50 38 
L-leucyl-glycine 113 97 210 65 62 
104 89 193 60 56 
Glycyl-L-tryptophan 110 147 53 39 
68 42 110 42 45 


The experimental conditions actually minimize the difference between 
total peptidase activity and mucosal fluid peptidase activity, for the 
following reason. During the second period of incubation the peptidase 
activity of the mucosal fluid was due to peptidases which had accumulated 
during the whole of the first period of incubation, and therefore the pepti- 
dase activity of the mucosal fluid during the first incubation period was 
probably less than that estimated during the second incubation period. 
This over-estimation of the peptidase activity in the first period will be 
more important with those peptides where the mucosal fluid peptidase 
activity is much higher than is the case with glycyl-glycine. 

It will be seen that during the first incubation period 88 mole of glycine 
accumulated in the mucosal fluid, whereas only a very small quantity of 
this could have been iiss by the mucosal fluid peptidases. ahie means 
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either that peptidase activity must have occurred at the mucosal surface 
of the cells, or alternatively that after intraintestinal hydrolysis some of 
the glycine formed diffused out of the cell back into the mucosal fluid. 
The results of a number of similar experiments with other dipeptides 
are included in Table 1. In this table the third column of figures gives the 


_ glycine produced by the total peptidase activity of the sac of intestine, the 


fourth column gives the activity of the mucosal fluid peptidases, and 


hence the difference between these indicates how much of the total pepti- 


dase activity is accounted for by intraintestinal peptidases. In all cases it 
is seen that at least 50 °% of the total peptidase activity must be accounted 
for by intraintestinal peptidases. Only in the case of glycyl-leucine is the | 
figure as low as 50% and in most cases it is much greater. In the case of 
glycyl-glycine almost all the activity is due to intraintestinal peptidases. 
The difference between the last two columns indicates the extent of 
deterioration of the peptidase during incubation. The magnitude of this 
difference is relatively small, and certainly does not suggest that the - 
difference between peptide hydrolysed during the first and second periods 


_ ean be explained by deterioration of the peptidase during incubation. 


It is also seen that in all cases there is a considerable amount of glycine 
in the mucosal fluid at the end of the first incubation period. This shows, as 
already suggested in the case of glycyl-glycine, that either glycine diffuses 
back into the mucosal fluid after intraintestinal hydrolysis, or alternatively 
that hydrolysis takes place at the surface of the mucosal cells, with libera- 
tion of glycine into the mucosal fluid. 


Experiments in vivo 
The results of the experiments in vivo are shown in Tables 2 and 3. 
Table 2 gives the results of experiments where solutions of dipeptide were 
circulated through the intestine and the total amount of peptide dis- 


appearance and hydrolysis of peptide determined. In this table the 


‘peptide disappeared’ means the difference between the peptide added 
and the peptide recovered from the luminal fluid. It includes therefore 
peptide accounted for as glycine in the luminal fluid at the end of the 
experiment. ‘Peptide absorbed’ is the difference between the peptide 
disappeared and the peptide accounted for as glycine in the luminal fluid at 
the end of the experiment. In interpreting the table it should be remembered 
that 1 mole of glycyl-glycine gives 2 moles of glycine on hydrolysis, whereas 
1 mole of the other peptides gives only 1 mole of glycine. Table 3 gives the 
results of experiments where the peptidase activity of the luminal fluid 
was determined. The argument can best be followed by reference to an 


_€xample. Glycyl-leucine in initial. concentration 0:0378M was circulated 


through the intestine for 30 min, the initial amount of peptide present 
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being 1890 pmole (Table 2). After 30 min the luminal fluid contained it 
151 umole glycine and 925 umole glycyl-t-leucine. Since 1890 pmole b 
peptide was present initially, 965 »mole had disappeared. Of this, t] 
151 pmole was accounted for by glycine in the luminal fluid, and hence 1 
ig 
TaBLE 2. Disappearance of dipeptides from the rat intestine in vivo. The peptide was tl 
present initially in 50 ml. 0-9% NaCl solution in the concentration shown. The peptide a 
absorbed is the amount not accounted for at the end of the experiment, either as glycine A 
or peptide; the peptide disappeared is the amount absorbed+the amount accounted for it 
as 8 glycine i in the luminal fluid ce 
Final amount in b 
Dura- luminal fluid Peptide 
Initial tion Initial a ‘ Peptide dis- ir 
concn. ofexpt. peptide Glycine Peptide absorbed appeared d 
Peptide (m) (min) (ymole) (yumole) (pmole) (ymole) (umole) 
Glycyl-glycine 0-0378 30 1890 164 828 gio f P 
0-0378 30 1890 258 1081 680 809 a 
0-0378 60 1890 168 337 1469 1553 
0-0378 60 1890 224 208 1570 1682} la 
Glycyl-t-leucine 0-0378 30 1890 151 925 814 965} ir 
0-0378 30 1890 609 609 672 128] 
0-0531 60 2655 302 915 1438 1740} - & 
0-0266 60 1330 166 58 1112) 1272 
Glycyl-i-tyrosine 0-0378 30 1890 179 722 989 1168 
0-0378 30 1890 205 835 850 1055 
L-leucyl-glycine 00378 30 1890 153 770 967 11200} © 
Glycyl-t-tryptophan _—0-0151 30 755 349 208 406) le 
lu 
TaBLE 3. Hydrolysis of dipeptides by luminal fluid peptidases. The peptides in the initial | Le 
concentration shown were incubated 30 or 60 min in 0-9% NaCl solution which had been e) 
previously circulated through the intestine for an equal time interval “i 
se Period of Peptide tl 
Initial concn. incubation hydrolysed 
Peptide (mM) (min) (umole) bi 
Glycyl-glycine 0-0378 | 30 60 pe 
0-0378 30 38 a 
0-0378 60 142 
0-0378 60 169 
Glycyl-t-leucine 0-0378 30 144 
0-0378 30 346 
0-0531 60 479 
| 7 0-0266 60 324 tl 
Glycyl-.-tyrosine 0-0378 30 145 tc 
0-0378 30 179 
i L-leucy]-glycine 0-0378 30 92 
 0-0378 30 103 tk 
; Glycyl-L-tryptophan 0-0151 30 210 ce 
01 


814 pmole had been absorbed. This absorption could have taken place le 
either as peptide or as amino acid after hydrolysis ofthe peptideinthelumen | th 
of the intestine by luminal peptidases. It is possible to decide between di 
these two possibilities by examination of the corresponding experiments de 
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in Table 3, i.e. those where the same concentration of peptide was incu- 
bated for 30 min with luminal fluid. In the experiments given in Table 3 
the total hydrolysis of glycyl-i-leucine by luminal fluid peptidases was 
144 pmole and 346 »mole, respectively. Even the larger of these figures 
is far less than the total peptide which disappeared when circulated 
through the intestinal lumen, 965 »mole. The only possible conclusions 
are that glycyl-L-leucine entered the mucosal cells as such, or at least that 


_ it was hydrolysed at the surface of the cells. The results are certainly in- 


compatible with the hydrolysis of peptide by luminal fluid peptidases 
before its absorption. It should also be remembered, as was pointed out 
in the case of experiments in vitro, that the technique minimizes the. 
difference between luminal fluid peptidase activity and disappearance of 
peptide, since the experiments for estimating luminal fluid peptidase 
activity were carried out with fluid in which the peptidases had accumu- 
lated for 30 min, whereas in the experiment where peptide was present 
initially in the intestine the average peptidase activity must have been 


_ considerably smaller. 


Examination of Tables 2 and 3 shows that a similar conclusion could 
be drawn for all the dipeptides used, i.e. that the dipeptide can enter the 
mucosal cell without being hydrolysed in the lumen of the intestine; or at 
least that hydrolysis takes place on the surface of the cell and not in the 
luminal fluid. Just as in the case of the experiments in vitro, there is a 
considerable amount of glycine present in the luminal fluid at the end of the 
experiment. In the case of glycyl-glycine, this is much larger than the 
amount which could be produced by luminal fluid peptidases, which would 
therefore imply that, after intracellular hydrolysis, some glycine diffuses 
back again into the lumen of the intestine. In the case of the other di- 
peptides the amount in the lumen is of the same order as the amount which 
could be produced by luminal fluid peptidases. _ 


Back diffusion of glycine 

It has been suggested above that the high concentration of glycine in 
the mucosal fluid after incubation of peptide with sacs of intestine is due 
to back diffusion of glycine. Wiseman (1955) showed that glycine was 
moved by the hamster intestine in vitro against a concentration gradient, 
the final concentration in the serosal fluid being 1-7 times the final con- 
centration in the mucosal fluid. The precise value of the ratio will depend 
on the concentrations used, but it is necessary to show that the glycine 
concentration in the final serosal fluid is considerably greater than that in 


_ the final mucosal fluid in order to produce conditions favouring back 


diffusion of glycine. It was not possible to calculate accurately from the 


data the concentrations of glycine in the final mucosal and serosal fluid, as 
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the volumes were not always measured. It -was, however, possible to 
calculate the approximate concentrations by taking values for the volumes 
obtained in analogous experiments. Figures were taken to give the maxi- 
mum possible mucosal concentration and the minimum possible serosal 
concentration, so that the figures calculated for concentration gradient 
of glycine between final mucosal and serosal fluid would be minimum 
figures. The following results were obtained: for glycyl-glycine final 
mucosal concentration of glycine = 0-0018™M, final serosal concentration = 
0-03m; for glycyl-t-leucine final mucosal concentration of glycine = 
0-0025m, final serosal concentration = 0-013Mm; for glycyl-L-tyrosine the 
final mucosal concentration of glycine = 0-0013M, final serosal concentra- 
tion = 0-013m; for L-leucyl-glycine final mucosal concentration of 
glycine = 0-002M, final serosal concentration = 0-017m; for glycyl-.- 
tryptophan final mucosal concentration = 0-002, final serosal con- 
centration = 0:008m. There is therefore little doubt that the final concen- 
tration of glycine on the serosal side of the epithelial cell is much greater 
than on the mucosal side, and this could . probably scoount for back 
diffusion of glycine. 

In order to show ditectly that back diffusion of glycine occurred the 
following experiments were carried out. A sac of intestine was incubated 
for 30 min with 0-0151m glycyl-glycine. The sac was then withdrawn, 
rinsed with warm saline, and returned to a flask containing 50 ml. bi- 
carbonate saline with glucose but without peptide or glycine and incubated 
a further 30 min. At the end of this period the mucosal fluid was found to 
contain 36 umole of glycine. In another experiment a sac of intestine 
contained initially 2 ml. of bicarbonate-saline containing 0-066 m glycine. 
This was incubated in 50 ml. of bicarbonate-saline containing no glycine 
or peptide. At the end of 30 min the mucosal fluid contained 20 umole 
of glycine. | 

These two experiments show clearly that glycine can diffuse back across 
the intestine into the mucosal fluid. Although in both cases the amount 
of glycine diffusing back is smaller than the amount of glycine found in 
_ the mucosal fluid when sacs were incubated with peptide in the mucosal 
fluid, this is hardly surprising, as the latter conditions would be much 
more favourable to maintaining a high concentration of glycine in the 
mucosal cells than in either of the two experiments just described. — 


Total peptidase activity of the intestine 
It was of some interest to compare the peptidase activity obtained under 
the experimental conditions described with the peptidase activity which 
can be obtained by making homogenates of the intestine. Fifths of 
intestine were homogenized in 50 ml. of bicarbonate saline; to this homo- 
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genate was added peptide to make the required concentration, the flasks 
were incubated for varying periods and the amount of hydrolysis deter- 
mined. The results of experiments with glycyl-glycine and glycyl--leucine 
are seen in Table 4. In the first experiment with glycyl-L-leucine nearly 
85 % of the peptide was hydrolysed in 30 min and therefore an experiment 
of only 15 min duration was also carried out. Even in this case there was 
hydrolysis of about 75°% of the peptide. Table 4 clearly shows that the 
extent of hydrolysis in the homogenates is very much greater than in the 
sac experiments, and also much greater than would be necessary to 
account for the hydrolysis of the peptide which disappears from the 
intestine in vivo. The activity of the homogenates is more striking when 
one considers that the enzymes and necessary co-enzymes or activators 


~ are diluted in a volume of 50 ml. instead of the volume (approximately 


TaBLE 4. Hydrolysis of peptide by homogenates of intestine. The Ist, 3rd and 5th fifths of 
the jejunum and ileum were homogenized in bicarbonate saline containing 500 mg glucose/ 
100 ml. The initial concentration of peptide present in all cases was 0-0378M, and the 
initial amount 1890yumole. In the first four experiments in the table the intestine was 
homogenized in 50 ml. of saline. In the last experiment a similar homogenate was diluted 
10 times with saline 2 


Period of Peptide hydrolysed (pmole) 
hydrolysis 
_ Peptide (min) Ist sac 3rd sac 5th sac 
Glycyl-glycine 30 271 - 306 360 
Glycyl-glycine 30 283 315 400 
Glycyl-L-leucine 30 1600 1605 1630 
Glycyl-1-leucine 1417 1417 1515 
Glycy]-L-leucine 426 573 394 


1 ml.) of the segment of intestine. The capacity for intracellular hydrolysis 
in physiological conditions might therefore be very much greater than is 
indicated by these figures. It is also seen from Table 4 that the capacity 
of the intestine to hydrolyse glycyl-t-leucine is much greater than its 
capacity to hydrolyse glycyl-glycine. 


Site of peptidase activity 


While the experiments quoted above show that there is much more 
peptidase activity inside the cells than on the mucosal surface, they do 
not prove that hydrolysis of peptide initially present in the mucosal fluid 
does not take place at the cell surface, and experiments were carried out 
to test this point specifically. Before describing these it is, however, 
necessary to define more precisely what is meant by hydrolysis at the 
mucosal surface of the cell and intracellular hydrolysis. By hydrolysis at 
the surface, we mean that peptides are hydrolysed at a site on the cell 
membrane, the constituent amino acids are set free quantitatively in the 


We 
< 
~ 
4 
O 4 
| 
§ 
4 


376 H. NEWEY AND D.H.SMYTH 


luminal or mucosal fluid, and transfer of these by the intestine is indis- 
tinguishable from that of amino acids initially added to the mucosal fluid. 
By intracellular hydrolysis we mean that the site of hydrolysis is such that 
the amino acids are not set free quantitatively in the mucosal fluid, but 
are set free in the cell, although some of them may later diffuse back into 
the mucosal fluid from the interior of the cell. 

The principle of these experiments was as follows. Sacs of intestine 
were incubated with glycyl-glycine, and the final amount of glycine 
determined in the mucosal fluid, the intestinal wall and the fluid inside the 


TaBie 5. Comparison of the final amounts of glyeine in the mucosal fluid, the intestinal 
wall and the serosal fluid, when sacs of intestine were incubated for 30 min in fluid containing 
0-0151m glycyl-glycine and 0-0046m glycine, respectively. The sacs contained 1 ml. bi- 
carbonate saline with glucose, and were suspended in 50 ml. bicarbonate saline containing 
glucose and either glycyl-glycine or glycine. For explanation of concentrations used see text 


Final glycine content (umole) Amount of 
~ glycyl-glycine 
4 Mucosal Serosal hydrolysed 
Initial mucosal fluid fluid Intestine fluid (umole) 
| 83 51 52 96 
4 72 49 40 81 
ae 98 58 69 113 
Glycyl-glycine 0-0151m | 92 41 52 93 
| 89 51 68 104 
67 71 72 105 
Mean | 84 54 59 99 
19 
Glycine 0-0046m {201 26 26 
199 27 23 
Mean 198 24 23 — 


saé (serosal fluid). The total amount of glycine formed could therefore be 
calculated. If hydrolysis took place at the mucosal surface of the cell, this 
total amount of glycine must have been returned to the mucosal fluid 
during the course of the experiment and then have been transferred by 
the intestine, so that ultimately part of it appeared in the intestinal wall 
and part in the serosal fluid. Another set of experiments was now done in 
which the total amount of glycine formed in the first set of experiments 
was put into the mucosal fluid initially, and the final amounts of glycine 
determined in the intestinal wall and in the serosal fluid. These values 
were compared with those in the first set of experiments when glycyl- 
glycine was present initially in the mucosal fluid. The results are given in 
Table 5. When glycyl-glycine (0-0151M) was present initially in the 
mucosal fluid the average amount hydrolysed was 99 umole, and the 
maximum amount in any one experiment was 113 umole. Hence the 
maximum amount of glycine formed was 226 umole. In the second set 
of experiments glycine was initially present in a concentration of 0-0046M. 
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This is equivalent to 230 umole of glycine in the mucosal fluid, an amount 


greater than the maximum amount formed in the first set of experiments. 
It is therefore the maximum amount of glycine which could have been 


- present in the mucosal fluid in the first set. of experiments if hydrolysis 


took place at the cell surface, and also if it took place instantaneously so 


_ that the total amount produced was present at one time. Actually the 


glycine concentration in the mucosal fluid in the first set of experiments 
would probably be considerably smaller than this. In these conditions it 
is seen that the final amounts of glycine in the intestinal wall and in the 
serosal fluid were very much smaller than those in the first set of experi- 
ments when glycyl-glycine was initially present. These results leave little 
doubt that hydrolysis of glycine cannot take place exclusively at the 
surface of the cell, and that at least part of it must occur intracellularly. 


DISCUSSION 


The results presented show that when solutions of various peptides are 
in contact with the rat intestinal mucosa a much greater amount of 
hydrolysis occurs than could be accounted for by the peptidase activity 
of the mucosal fluid. The only conclusions possible would appear to be 
either (a) that peptide enters the mucosal cell as such, or (b) that hydro- 
lysis takes place at a site on the cell membrane. While some hydrolysis at 
the cell membrane may take place, this cannot explain the results presented 
in Table 5, and the conclusion can be drawn that at least some of the 
dipeptide is hydrolysed intracellularly. This view is supported by the fact 
that peptidase activity is very much greater in homogenates of intestine 
than the activity observed in the everted sacs or in vivo, a finding which 
can be explained by assuming that most of the peptidases are inside the 


cell and not on the surface. The results of Holter (1954) on intracellular 
_ distribution of enzymes have some bearing on the matter, as he found in 


amoeba that peptidases, unlike some of the other enzymes, are not asso- — 
ciated with any centrifugable structure, but appear to be distributed 
throughout the cell cytoplasm. All of these points are against peptidase — 
activity being exerted at the mucosal surface of the cell membrane. 
Newey & Smyth (1959a), in discussing the problem of the form in which 


proteins are absorbed, pointed out that there is not one problem but 


two problems, i.e. the form in which proteins enter the mucosal cells from 


the lumen of the intestine, and the form in which they enter the blood 


stream from the mucosal cells. Their results offered some evidence relative 
to the second question, i.e. how proteins enter the blood stream, and they 
showed that when dipeptides are present in the lumen of the intestine it is 
mainly amino acids and not dipeptides which emerge from the serosal 
side of the epithelial cells. Their results with dipeptides in vitro were 
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confirmed by Wiggans & Johnston (1959). We do not know of any sub- 
stantial evidence that proteins, in amounts of nutritional significance, 


,, gnter the blood stream of the adult animal in any form other than amino 


acids. The present results offer some answer to the first question posed 
by Newey & Smyth (1959a), in what form can proteins enter the mucosal 
cells from the lumen of the intestine? The answer is quite clear that di- 
peptides can enter the mucosal cells without preliminary hydrolysis to 
amino acids in the lumen of the intestine. Further experiments by a 
similar technique, with larger amino-acid aggregates, would presumably 
answer the question what size of protein derivative can enter the mucosal 
cells from the intestinal lumen. Since completing this work we became 
aware of the paper by Cajori (1933) in which a very similar idea to that 
which we have used was applied to the absorption of peptone by the 
Thiry—Véella loop in dogs. Cajori was rather hesitant about drawing any 
very definite conclusions from his results, but to us they would suggest 
that peptone could enter the mucosal cells without preliminary hydrolysis. 
The term peptone of course is rather a vague term without definite indica- 
tion of the size of molecule involved, but it would seem possible that 
molecules larger than dipeptides can enter the mucosal cells. It must 
therefore be envisaged that a possible route for protein absorption is 
partial hydrolysis in the lumen of the intestine to peptides of various sizes, 
entry of these into the mucosal cells, intracellular hydrolysis to amino 
acids and passage of the amino acids into the blood stream. 

Of the dipeptides studied glycyl-glycine seems to be the one most 
likely to escape hydrolysis in passage through the mucosal cells, and small 
quantities have been shown to pass through the intestine by Agar, Hird & 
Sidhu (1953), Newey & Smyth (1959a) and Wiggans & Johnston (1959). 
A possible explanation of this, in keeping with the present results, is that 
the intestine possesses a smaller capacity for hydrolysis of glycyl-glycine 
than for the other dipeptides. This may be because glycy!-glycine is formed 
during digestion in the intestine only in very small quantities, and hence 
mechanisms for dealing with it have not been evolved. Our knowledge 
of the amino-acid sequences in various proteins is still very limited, and 
clearly the possible dipeptides which could be formed during intestinal 
digestion must depend on the amino-acid sequences in the protein. Two 
consecutive glycine molecules have been found by Smith, Hill & Kimme! 
(1958) in papain, which also contains three consecutive alanine molecules. 
Consecutive appearances of the same amino acid are on the whole not a 
prominent feature of the known peptide structures, and even if they occur 
would not necessarily result in the formation of the particular dipeptide 
containing both the amino-acid molecules, so that glycyl-glycine is 
unlikely to be produced in large amounts. It must be admitted, however, 
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that little is known yet of the amino-acid sequences in the dietary proteins, 
and only when these are known will it be possible to see how the specificity 
of the digestive enzymes is related to the naturally occurring peptides. 

A number of older workers (see review by Starling, 1906) believed that 
the activity of the succus entericus was largely due to the shedding of 
epithelial cells into the intestinal lumen with liberation of the contained 
enzymes, and the view was even put forward, although without much 
evidence, that hydrolysis of a number of food substances occurred actually 
during absorption. Our results supply evidence to show that there was 
probably a considerable amount of truth in these older views, at least so 
far as certain dipeptides are concerned. 


SUMMARY 


1. A method is described for comparing, both in vivo and in vitro, the 
peptidase activity of the fluid in contact with the intestinal epithelium 
and the total amount of dipeptide which disappears from the fluid. 

2. It was found that with all the dipeptides tested, glycyl-glycine, 
glycyl-L-leucine, glycyl-L-tryptophan, glycyl-L-tyrosine and _ L-leucyl- 
glycine, the amount of dipeptide which disappears from the mucosal fluid 
could not be accounted for by the peptidase activity of the mucosal fluid. 

3. After absorption of glycyl-glycine the amount of glycine present in 
the intestinal wall and serosal fluid was greater than could be accounted 
for by sda at the cell membrane and subsequent absorption of 
glycine. 

4. The sehtidens activity of homogenates is considerably greater than 
that of the intact absorbing intestine. 

5. It is concluded that the dipeptides are able to enter the en 
cells without previous hydrolysis. 

6. The relation of these findings to protein absorption is discussed. 


We are grateful to Mr I. G. Dart for excellent technical assistance. We also wish to 
acknowledge financial support from the Medical Research Council and from John Wyeth 
and Brother Ltd. | 
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OXYTOCIC ACTIVITY OF RABBIT’S BLOOD APPLIED 
DIRECTLY TO SUPERFUSED RAT UTERUS 
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(Received 4 March 1960) 


The detection and measurement of oxytocin in blood presents certain 
difficulties. It has usually been thought necessary to make an extract of 


_ blood before assaying it on the isolated rat uterus, but the methods of 


extraction available are laborious and not 2!together satisfactory (Bisset & — 
Walker, 1954; Bisset & Lee, 1957; Ginsburg & Smith, 1959; Walker, 1960). 
In the first place, there is a variable loss of activity during extraction. 
Secondly, the presences of non-specific oxytocic substances in the extracts 
interferes with the assay; these substances are more likely to be present 
if the blood is concentrated during extraction, and this usually has to be 
done if the very small amounts of oxytocin normally present in blood are 
to be detected. 

We have tried to overcome some of these difficulties by applying blood 
from a rabbit directly to a sensitive preparation, the ‘superfused’ rat 
uterus previously soaked in dibenamine (N : N-dibenzyl-8-chloroethy]- 
amine). Blood applied in this way is without activity. If, however, 
oxytocin is infused intravenously into the donor animal, samples of blood 


_ tested on the uterus become active, and the concentration of oxytocin in 


them can be measured approximately. In this way the rate of inactivation 
of the infused oxytocin can be estimated, and factors affecting its in- 
activation can be studied. If now the rate of infusion is reduced until 
samples of blood regularly possess only just detectable activity, any 
extra activity, resulting from release of oxytocin in the animal after 
certain stimuli, is easily demonstrated by the increased size of the con- 
tractions of the rat uterus. 

By this method a detectable increase in the oxytocic activity of the 
blood can be brought about by intracarotid injections of 3% NaCl, hot 
0-9%, NaCl, or nicotine, and by stimulation of the central end. of the 
left vagus. The uterus, having been soaked in dibenamine, was insensitive 
to 5-hydroxytryptamine, and it is therefore likely that the responses were 
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METHODS 


Rabbits of either sex, weighing 1-5-2-5 kg, were lightly anaesthetized with 25% (w/v) 
urethane given intravenously. A polythene tube of 1-5 mm diameter (A in Fig. 1) was 
filled with saline (0-9% NaCl) solution and inserted into the left common carotid artery 
towards the heart. This tube was led to a three-way Perspex tap B, which in turn was 
connected by polythene tubing to a similar tap C. When taps B and C were turned to the 
appropriate positions and the plunger of the syringe was withdrawn, blood flowed from the 
rabbit into the tubing almost as far as tap C. Tap B was then turned so that pressing the 
plunger of the syringe expelled blood on to the superfused uterus. When tap B was turned 
back to its original position the rest of the blood could be pushed back into the rabbit. 
Each time blood was tested the rabbit lost very little more than the volume of the sample, 
which was 0-5 ml. Tap C was connected to a beaker of saline solution so that the syringe 
could be refilled if necessary. 


Fig. 1. Diagram showing method of applying rabbit’s blood directly to the 
superfused rat uterus. For details see text. 


Intracarotid injections. (0-25-1-0 ml.) were given through a polythene tube D, 1-0 mm in 


diameter, which was inserted into the left common carotid artery towards the head..The , 


injections were given rapidly, at about 1 ml./sec, except where specially mentioned. A tube 
#, also 1-0 mm in diameter, was tied into the right external jugular vein and solutions were 
infused into it from a Palmer Slow Infusion Apparatus. In some experiments: another fine 
tube F was also inserted into the right external jugular vein to make possible more rapid 
intravenous injections. All tubes were of polythene, so as to avoid the possible production 
of kinin-like oxytocic substances which form when the blood of some species comes in 
contact with glass (Armstrong, Jepson, Keele & Stewart, 1955). The rabbit reonived 20- 
25 mg heparin intravenously before the tubes were inserted. 

The uterus of the virgin rat in oestrus was used as test preparation. After being soaked 
for 30 min in de Jalon’s solution containing dibenamine 100 pg/ml., it was superfused with 
de Jalon’s solution at 27-28° C (Gaddum, 1953). The preparation usually responded to 
solutions of oxytocin 0-05-0-1 m-u./ml. Samples of 0-5 ml. blood were applied at 5 min 
intervals to the surface of the uterus and allowed to remain in contact with it for 30 sec 
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before su ion was restarted. A vibrator (Biilbring, Crema & Saxby, 1958), attached to 
the rod on which the lever was mounted, prevented the writing point from sticking to the 
surface of the drum. 

The vagus was stimulated with square-wave pulses of 5 msec duration, at a frequency of 
10/sec for a period of 15-20 sec. 

Pitocin (Parke, Davies) was used as preparation of oxytocin. 

The method was demonstrated to the Physiological Society and has been briefly described 


‘(Siddiqi & Walker, 1959). 


m-u/mi. 95 10 02 0-5 10 

Fig: 2. Superfused rat uterus. © Application of oxytocin solutions. In this and 

all subsequent figures @ indicates applications of rabbit’s arterial blood at 

5 min intervals. 


RESULTS 
a. of arterial blood to the superfused uterus — 


Samples of carotid blood taken from the anaesthetized rabbit and 
applied repeatedly to the uterus never caused a contraction, did not affect 
the tone of the preparation, and did not significantly alter its response to» 
oxytocin solution (Fig. 2). : | 

Effect of infusion of oxytocin. Solutions of oxytocin 250-500 m-u./ml. 
in 0-9% (0-15m) NaCl solution were infused into the rabbit at a constant 
rate. This rate varied in different experiments according to the size of the 
rabbit and the sensitivity of the uterus; in most experiments the volume 
infused varied from 1-1 to 4:5 ml./hr. When blood was tested, oxytocic 
activity was detectable about 10 min after the start of the infusion, and 
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after a further 5-10 min the contractions of the uterus caused by its 
application every 5 min remained reasonably constant (Fig. 3). When the 
nfusion was stopped, the activity of samples declined, and, after about 
10 min, could no longer be detected. When blood was tested more often 
than once every 5 min the responses of the uterus became irregular, and 
this time interval was therefore adopted in all experiments. By com- 
paring the contractions produced by blood with those produced by different 


m-u/ml. 0-1 0-3 f 
0-2 


Fig. 3. Symbols as in Fig. 2. Between the arrows oxytocin was infused 
into the rabbit at a rate of 32-5 m-u./min. 


concentrations of oxytocin it was possible to obtain rough estimates of 
the concentration of oxytocin in the blood. The results of five such 
experiments are given in Table 1. 

Intracarotid saline. When 3 % (0-51M) NaCl solution at body temperature 
was injected in a volume of 0-25—1-0 ml. into the tube in the carotid leading | 
towards the head, the sample of blood taken 1-5 min later did not cause 
any contraction of the uterus. But if oxytocin was infused slowly and the 
rate of infusion adjusted so that samples had just measurable activity, 
blood taken 1-5 min after the intracarotid injection of 3% NaCl solution 
almost invariably caused an increased response. Such an experiment is 
illustrated in Fig. 4. The changes in the heights of the contractions of the 
uterus compared with the mean height before the injection are given in 
Table 2, column 1. When samples of blood were taken earlier or later than 
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1-5 min after the injection increased oxytocic activity was less often 
detectable. 3°% NaCl solution given intravenously never increased the 
oxytocic activity, and sometimes depressed it (Table 2, column 2), 


TABLE 1, Oxytocic activity of rabbit’s arterial blood during infusion of oxytocin 


Approximate 
Rate of oxytocic 
infusion activity 
Expt. no. (m-u./min) (m-u./ml.) 
1 14 0-16 
2 65 0-06 
3 131 0-09 
4 131 0-25 
5 131 0-32 


Fig. 4 Fig. 5 


Fig. 4. Samples of blood were applied (at @) during slow infusion of oxytocin into 
the rabbit: Effect of intracarotid injections: Hyp., 1 ml. hypertonic (3%) NaCl 
solution. N, 0-3 mg nicotine hydrogen tartrate dissolved in 1 ml. 0-9% NaCl 
solution. 


Fig. 5. Effect of intracarotid injections, 0-5 ml. in vol. H, Hot 0: ‘9% NaCl 
(60° C). C, Cold 0-9% NaCl (0° C). Hyp., 3% NaCl at 37°C. S, 0-9% NaCl at 
37° C, 

When 0-9% (015m) NaCl solution at body temperature was injected 
into the carotid artery, the response was variable, though usually there 
was an increase in the height of contraction (column 3). When however 
the same solution was heated to 60° C its injection always provoked a 
response (Table 2, column 4, and Fig. 5). When cooled to 0° C it was also 
effective, though not significantly more so than saline solution at body 
temperature (column 5 and Fig. 5). 


8 4 
e 
© q 
oO 
5 
© 
4 
n 
S 
n 
n | 


386 S. SIDDIQI AND J.M, WALKER 


Taste 2. Oxytocie activity of rabbit’s blood taken 1-5 min after various stimuli. Figuros 
are the differences in height of contraction of uterus in mm compared with mean height 
before the stimulus 


3% NaCl 

Intra- Hot | Cold Nicotine 

carotid Intra- NaCl 0:9% NaCl 0-9% NaCl 0-25-5 mg 
(I.c.) venous (I.C.) (1.C.) (1.c.) stimulation 
+ 65 —l +10 +47 +12 +20 +50 
+90 —10 +4 +38 +15 +35 +27 
+50 —19 +1 +14 +32 +5 +30 
+43 —15 +10 +50 +8 +13 — 15* 
+50 —§8 +12 +6 ——- +47 +15 
+80 0 +32 +27 + 40 — 5* 
+ 25 +1 +17 +20 — +42 —2* 

+6 —~ +31 +30 +54 —1* 
+50 — +5 — — +35 —10* 
+50 —2 — +75 +32 
+43 —3 +52 +48 
+24 +2 +25 +2 
+19 — — — +3 
+ 33 — — +60 
+ 60 — — — 
Mean | 
+ 44-2 —7-4 + 9-0 +29-0 + 16-7 + 39-0 + 20-9 
S.E, 
+4-50 + 2-95 +3-°89 +549 + 5-21 + 5-64 + 6-23 


* In these experiments the nerve was stimulated repeatedly. 


ee eee 8 0,0 
v "4 V V 
Fig. 6. V, Stimulation of central end of left vagus. Between (b) and (c), the 
preparation was left for 15 min, after which vagal stimulation was again effective. 
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The speed at which injections were given appeared to be an important 
factor. When they were rapid, about 1 ml./sec, there was a marked increase 
in the respiration of the animal, and an oxytocic response. If the injection 
was given slowly, these two effects were usually absent. 

Nicotine. The intracarotid injection of 0-25-0-5 mg nicotine hydrogen 
tartrate always caused increased oxytocic activity in the blood taken 
1-5 min later (Table 2, column 6, and Fig. 4). The injection always caused 
also a marked stimulation of respiration. Since control experiments have 
shown that the superfused rat uterus is insensitive to as much as 0-1 mg/ml. 
nicotine hydrogen tartrate, the increased oxytocic response was presum- 
ably not due to nicotine itself. 


Hyp. tHyp. 
Hyp. 
Fig. 7. Hyp., intracarotid injection of 1 ml. 3% saline. Between the lower arrows 
both jugular veins were occluded. 


Stimulation of central end of left vagus. Samples of blood taken 1-5 min 
after stimulation of the vagus usually showed increased oxytocic activity 
(Table 2, column 7, and Fig. 6). In some experiments, marked in Table 2 
by asterisks, the response disappeared when the nerve was stimulated 
repeatedly. In these experiments the response usually returned if the 
nerve was left unstimulated for about 15 min, or if the strength of the 

stimulus was increased. | 
Effect of clamping jugular veins. Since intracarotid injections of 3% 
NaCl were effective, whereas intravenous injections were not, it seemed 
| 25-2 
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likely that some oxytocic substance was being released from the head into 
the general circulation. If this were so, clamping the jugular veins might 
reduce or abolish the oxytocic effect. Accordingly, in four experiments 
both jugular veins were clamped from the time of the intracarotid in- 
jection until after the sample of blood had been tested. In two of these 
there was no oxytocic effect, and in one the effect, though detectable, was 
smaller than would be expected from a comparison with the effects of 
preceding or succeeding doses given when the jugular veins were un- 
obstructed. In one experiment no effect was observed when blood was 
taken at the time when the veins were occluded, but an effect was seen 
when blood was tested immediately after they had been freed. This is 
illustrated in Fig. 7, and suggests that an oxytocic substance had accumu- 
lated in the veins beyond the clamp and was released into the general 
circulation when the clamps were removed. 


DISCUSSION 


The finding that rabbit’s arterial blood can be applied directly to a 
superfused rat uterus without either exciting or inhibiting it was un- 
expected. The isolated uterus is liable to contract spontaneously unless the 
fluid bathing it is low in calcium and maintained at a low temperature, 
and it might have been expected to contract when blood at body tempera- 
ture came into contact with it. In some more recent unpublished work, 
using a method similar to that of Vane (1958), we have found that the rat 
uterus can be superfused continuously with rabbit’s blood without be- 
coming spontaneously active. It may be important to avoid the use of 
glass tubes, which encourage the formation of oxytocic substances 
(Bisset & Walker, 1957), though Armstrong ef al. (1955) found that these | 
substances did not form in rabbit’s blood. 

_ When oxytocin was infused at a constant rate, the oxytocic activity 
of the arterial blood reached a fairly steady level. By comparing this 
activity with that of solutions of oxytocin of known strength, it was 
possible to estimate the concentration of oxytocin in the blood. Since, 
however, the sensitivity of the uterus to oxytocin in blood may well be 
different from its sensitivity to oxytocin in saline solution, and since it is 
not possible by this method to carry out a proper assay, comparisons of 
this sort can lead to only very approximate results. When such a calcula- 
tion was done on the results of the experiment illustrated in Fig. 3, it was 
seen that the concentration during the infusion was about 0-25 m-u./ml. 
and those 5 and 10min after stopping it were 0-14 and 0-07 m-u./ml. 
respectively. From this it can be calculated that the half-life of oxytocin 
in this animal was about 5 min, which is of the same order as the figure 
33 min obtained by Chaudhury & Walker (1959). 
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During the infusion of sufficient oxytocin to give the blood just detect- 
able oxytocic activity various stimuli caused an increased oxytocic re- 
sponse. Since these responses were obtained only after intracarotid 
injections, and since they were reduced or abolished when the jugular 
veins were occluded, it is likely that an oxytocic substance was released 
from the head. The fact that the response was most pronounced if blood 
was taken 1:5 min after the stimulus is consistent with this view. 

Most of the stimuli used in these experiments have been previously 
shown to release vasopressin. Thus intracarotid hypertonic saline solution 
causes antidiuresis in dogs (Verney, 1947), as does intravenous nicotine in 
rats and in man (Burn, Truelove & Burn, 1945), and this antidiuresis is 
brought about by the secretion of vasopressin. Stimulation of the central 
end of the vagus causes secretion of vasopressin in dogs (Chang, Chia, 
Hsii & Lim, 1937) and produces milk ejection in goats (Andersson, 1951). 
The effect of intracarotid hot saline solution has not been reported, though 


it has been shown that men exposed to high temperatures secrete anti- 


diuretic substance in the urine (Hellman & Weiner, 1953). 

_ The speed with which injections were given was an important factor, 
the effects being most marked after rapid injection. Andersson (1951 a) 
also found that ejection of milk in goats only occurred if intracarotid 
saline was injected rapidly, at a rate of about 3 ml./sec. It is possible that 
baroreceptors in the carotid, which would be stimulated by our rapid 


injections, might play a part in producing the oxytocic response. 


SUMMARY 


1. A method is described in which arterial blood from a rabbit is applied 
at intervals to the superfused rat uterus previously soaked in dibenamine. 
The blood does not cause the uterus to contract, nor does it affect its 
subsequent response to oxytocin. 

2. If oxytocin is infused into the rabbit, the blood develops eotiale 
activity. When the infusion is stopped, activity rapidly decreases, and this 
observation can be used to calculate the approximate half-life of oxytocin. 

3. If the rate of infusion is adjusted so that the blood shows just de- 
tectable oxytocic activity, any increased activity caused by certain stimuli 
can be detected. Intracarotid injections of 3% NaCl, hot 0-9% NaCl, or 
nicotine were effective, but intravenous 3°% NaCl was not. Intracarotid 
0-9 °% NaCl was sometimes effective. Stimulation of the central end of the 


4. Reasons are given for suggesting that the results were due to a 
liberation of oxytocin from the neurohypophysis. 
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We are most grateful to Mr O. B. Saxby who designed and made the Perspex taps shown 
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The thyroid hormone in the blood is generally assumed to be adsorbed 
to the serum proteins, because it is precipitated when the proteins are 
precipitated and cannot be dialysed from serum. If human serum con- 
taining radioactive thyroxine at physiological concentrations is submitted 
to paper electrophoresis in barbiturate buffer at pH 8-6, the radioactivity 
moves to a position between the «,- and «,-globulins (inter-alpha. zone), 
whereas thyroxine alone does not move. When this observation was first 
made (Gordon, Gross, O’Connor & Pitt-Rivers, 1952; Larson, Deiss & 
Albright, 1952; Robbins & Rall, 1952; Winzler & Notrica, 1952), it was 
assumed that thyroxine alone fails to move in the electric field because it 
is adsorbed to the paper, and that it moves in the presence of serum 
because it is more strongly adsorbed to a substance in serum which moves 
to the inter-alpha position. A combination of these three lines of evidence 
—from protein precipitation, dialysis, and paper electrophoresis—led to 
the hypothesis that thyroxine is adsorbed to a specific serum protein, 
present in very low concentration and characterized by its electrophoretic 
mobility in barbiturate buffer. This hypothetical protein is usually called 
‘thyroxine-binding protein’ (TBP), or, by some writers, ‘thyroxine-binding 
globulin’ (TBG). 

— It is difficult to explain the failure of dives alone to move, other 
than by supposing that it is adsorbed to the paper, since at pH 8-6 
thyroxine is negatively charged and would therefore move towards the 
anode if it were free to do so. However, the assumption that the movement 
of thyroxine in the presence of serum is due to adsorption to an inter- 
alpha protein seemed to us to require more definite evidence, especially 
since the inter-alpha zone often appears as the clearest part of the paper 
behind the front of the albumin band, when the paper is stained with dye 
to reveal the proteins. We began by studying the effect of proteolytic 
digestion upon the ability of serum to cause thyroxine to move electro- 
phoretically on paper. This led to a study of certain conditions in which 
thyroxine moves electrophoretically in the absence of serum proteins. 
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METHODS 


Electrophoresis. Paper electrophoresis was carried out in Perspex boxes similar to those 
described by Wieland (1948). The length of the bridge separating the two tanks of buffer 
solution was 24cm. For electrophoresis in two dimensions, the cross-section of the box was 
increased so that the bridge held square sheets of filter paper (22 x 22cm). Whatman 
No. 3 MM filter paper was used throughout. The radioactive thyroxine (Abbott Laboratories 
Pacific Ltd, Chicago), of specific activity 20-30 ye/ug, was added to the serum or other 
fluid at least 2 hr before the electrophoresis. The filter papers were dipped in the buffer 
solution, the surface moisture was allowed to drain off, and the whole sheet of paper was 
blotted firmly and evenly. The sample (20 yl.) was applied along a line midway between 
anode and cathode by spreading it along the edge of a microscope slide and then allowing 
the edge of the slide to touch the filter paper. Application of the sample at this position was 
found to increase the separation between albumin and the globulins, and to minimize the 
amount of movement due to the flow of water along the paper. The current was applied at 
100 V and 1-4 mA for 18-24 hr at room temperature. After electrophoresis the papers were 
dried at 90° C, and the distribution of radioactivity was determined either by means of a 
continuously recording scanner or, when the electrophoresis was done in two dimensions, 
by making autoradiographs with Ilford X-ray film, The distribution of protein on the paper 
was found by staining with lissamine green and differentiating by repeated washing in 2% 
acetic acid. The sensitivity of this stain was such that staining was just visible when 20 ul. 
of a solution containing 6 mg of serum proteins/100 ml. was put on to a piece of filter paper 
as a single spot and then dried and stained. 

Preparation of buffer. The preparation of the barbiturate buffer at pH 8-6 has already been 
described (Myant, 1957). Barbiturate buffers at pH 7-6 and 9-2 were made up in the same 
way, but the volume of 0-1N-H,SO, was adjusted to give the required pH. 

Proteolytic digestion. Tryptic digestion was carried out by incubating a mixture of equal 
parts of serum and barbiturate buffer (pH 8-6) with 50 mg of trypsin/ml. at 37° C for 24 hr. 
_ Digestion with papain was carried out in the same way, but with the addition of a trace of 
NaCN to the mixture. The trypsin and papain were obtained from Hopkin and Williams Ltd. 


RESULTS 
Effect of proteolytic enzymes 


If the ability of serum to cause thyroxine to move electrophoretically 
on paper is due to binding of thyroxine by one of the serum proteins, this 
effect should be modified or abolished by proteolytic digestion of the serum. 
Accordingly, observations were made on the effect of papain and trypsin 
upon the electrophoretic mobility.of thyroxine in human serum. 

Samples of serum were incubated with papain. Control samples were 
also incubated at the same time under similar conditions,’ but with no 
papain. At the end of the incubation, radioactive thyroxine (1 yg/100 ml.) 
was added to all the sera. Samples were then submitted to paper electro- 
phoresis in barbiturate buffer at pH 8-6; papain-treated and control 
samples were run in parallel on separate strips of paper, so that the distri- 
bution of radioactivity in the. treated serum could be correlated with the 
protein bands in the control serum. After electrophoresis the distribution 
of radioactivity was determined, and the protein bands revealed by staining. 


| 
| 
7? 


ELECTROPHORESIS OF THYROXINE 393 


_ No stain was visible on the paper on which the papain-treated serum had _ 
run, except for a narrow band at the origin in some cases. Most of the 
radioactivity was present as a single peak (Fig. 1b) with its maximum at 
a position corresponding to the inter-alpha zone in the control serum. The 
peak of activity was usually less sharp than that in the control serum, and 
there was often a small peak ahead of the albumin band in the control 
serum. The bands of protein in the control samples were similar to those 
seen in fresh serum, although there was some denaturation of the proteins, 
shown by the presence of staining between the bands. The distribution 
of radioactivity in the control samples (Fig. 1a) was the same as that 
normally seen in fresh serum: there was a well-defined peak in the inter- 
alpha zone, and a smaller peak in the albumin. _ 

In order to test the effect of papain alone upon the electrophoretic 
mobility of thyroxine, radioactive thyroxine (1 »g/100 ml.) was added to 
a solution of papain in barbiturate buffer (50 mg/ml. buffer). Samples 
were then submitted to paper electrophoresis in barbiturate at pH 8-6, 
in parallel with samples of fresh human serum to which radioactive thy- 
roxine had been added at the same concentration. After staining, the strip 
of paper to which the solution of papain had been applied showed three 
bands behind the line of application of the sample. The radioactivity was 
distributed mainly as a single peak with its maximum between the two 
bands nearest the origin (Fig. 1d). The distribution of no on the 
control paper was similar to that shown in Fig. 1a. 

Similar experiments were done with trypsin instead of papain. After 
incubation of serum with trypsin at 37° C for 24 hr no stainable material 
_ remained on the paper after electrophoresis in the barbiturate buffer at 
pH 8-6. The main peak of radioactivity (Fig. 1c) corresponded to the 
inter-alpha zone, with smaller peaks near the origin and in front of the 
position corresponding to the albumin band. When radioactive thyroxine 
was incubated with trypsin alone, and the mixture separated by paper 
electrophoresis, most of the radioactivity moved to a position correspond- 
ing to the «,-globulin. 

The effect of pH on the mobility of thyroxine alone on paper soaked in 
phenylalanine (see below) led us to repeat these experiments with 
barbiturate buffer at pH 7-6. At this pH, radioactive thyroxine added to 
the control serum moved to the inter-alpha position, whereas in the papain- 
and trypsin-treated sera it remained at or near the line of application. 


Effect of amino acids on the electrophoretic mobility of thyroxine 

The results obtained with proteolytic digests of serum showed that in 
barbiturate buffer at pH 8-6 the distribution of thyroxine is more or less 
the same, whether the electrophoresis is done in the presence of normal | 
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‘ gerum, or in the presence of serum in which the proteins have been hydro- 
lysed. This raised the possibility that the electrophoretic mobility of 
thyroxine in whole serum is determined by something other than adsorp- 
tion to one of the serum proteins. However, another explanation had to 
be considered. The binding substances might be destroyed, but the break-. 
down products resulting from the digestion of the serum proteins might in 
some way enable thyroxine to move from the line of application towards 
the anode during electrophoresis. 


A a, @) 
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Fig. 1. Distribution of radioactivity on paper strip after electrophoresis of 20 yl. 
samples to which radioactive thyroxine was added (1 yg/100 ml.). a, normal human 
serum incubated at 37°C for 24 hr; b, the same serum digested with papain at 
37° C for 24 hr; c, the same serum digested with trypsin; d, papain with no serum 
(50 mg/ml. of buffer). Arrows show line of application of sample. Solid blocks 
show positions of protein bands (A = albumin). Buffer: barbiturate at pH 8-6. 


To test this possibility a mixture of pure amino acids was dissolved in 
water to give a solution having the same composition as a hydrolysate of 
5 g of human serum albumin/100 ml. Radioactive thyroxine (1 yg/100 ml.) 
was added to this solution and 20 yl. samples were then submitted to 
paper electrophoresis in the barbiturate buffer at pH 8-6. In each experi- 
ment a sample of normal human serum containing radioactive thyroxine 
was run as a control on a separate strip of paper in parallel with the sample 
added in the solution of amino acids. After electrophoresis for 18 hr the 
radioactivity on the paper with the amino acids was distributed as a 
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single sharp peak corresponding to the inter-alpha zone on the control 
paper. This effect could also be obtained with mixtures of amino acids at 
much lower concentrations, or with solutions of single amino acids, 
including tyrosine, 3:5-diiodotyrosine, 3:5-diiodothyronine and trypto- 
phane. Of all the amino acids tested, the one effective at the lowest 
concentration was phenylalanine. Radioactive thyroxine was dissolved 
in a solution of phenylalanine (1 mg/ml.) and a sample put on to a strip 
of paper. After electrophoresis for 18 hr the radioactivity was found to 
be present as a single peak at a position corresponding to the inter-alpha 
zone. When the paper was stained with ninhydrin, the phenylalanine 
could be seen as a band extending from the line of application to a line 
just behind the peak of radioactivity. 

The same effect was obtained when radioactive thyroxine by itself was 


{put on to a strip of paper which had been soaked along its whole length in 


a solution of phenylalanine (1 mg/ml.) and then allowed to dry. For this 
experiment two paper strips were treated by soaking them in the solution 


_ of phenylalanine, and a third strip was left untreated. The untreated paper 


and one of the treated papers each received radioactive thyroxine dissolved 
in serum. The remaining treated paper received radioactive thyroxine 
dissolved in barbiturate buffer. All three papers were then submitted to 
electrophoresis in parallel in barbiturate buffer at pH 8-6. On the treated 
paper with thyroxine alone, the radioactivity was distributed as a single 
sharp peak (Fig. 2b) at a position corresponding to the inter-alpha zone 
on the untreated paper with serum (Fig. 2a). Treatment of the paper with 
phenylalanine tended to increase the mobility of the albumin band; apart 
from this, the distribution of the protein bands was the same on the 
treated and untreated papers to which serum was added (Fig. 2c). On the 
treated paper with serum, the radioactivity was distributed partly in the 
inter-alpha zone and partly in the albumin, but the albumin band always 
carried a larger proportion of the radioactivity on the ict paper than 
on the untreated one (Fig. 2a, c). 

The above results showed that when the paper is treated with pheny!- 
alanine, thyroxine moves electrophoretically at pH 8-6 to the inter-alpha 
zone in the absence of serum. This effect of phenylalanine could also be 
observed in the presence of human serum albumin—a protein which, when 
submitted to electrophoresis with thyroxine on untreated paper, carries 
the thyroxine to a position ahead of that corresponding to the inter- alpha 
zone. 

Radioactive thyroxine (1 ug/100 ml. albumin solution) was dissolved 
in a solution of purified human serum albumin (5 g/100 ml. water) and 
samples, each of 20 yl., were put on to strips of filter paper previously 
soaked in the solution of phenylalanine. As controls, samples of the same 


O- 
of 
to 3 
In q 
1s 
q 
in 
yf 
q 
1e 
le 
e 
a i 


396 N.B.MYANT AND C. OSORIO 


solution were also put on to strips of untreated filter paper. The treated 
and untreated paper strips were then placed side by side and submitted 
to electrophoresis in the barbiturate buffer at pH 8-6. After electrophoresis, 
about 90% of the activity on the untreated paper was present as a single 
peak in the albumin band (Fig. 3a). On the phenylalanine-treated paper, 
however, most of the activity was present as a broad peak corresponding 
to the position of the inter-alpha zone of normal human serum (Fig. 3b). 


Fig 2 ) Fig. 3 

Fig. 2. Distribution of radioactivity on paper-electrophoresis strip, to show effect 
of phenylalanine on mobility of radioactive thyroxine with and without serum. 
a, 20 ul. sample of serum run with radioactive thyroxine (1 »g/100 ml.) on untreated 
paper; 6, thyroxine alone (20 ul., containing 1 »g/100 ml. of buffer) run on paper 
soaked in phenylalanine; c, same as a, but run on paper soaked in phenylalanine; 
d, same as 6, but run on untreated paper. Arrows and solid blocks as in Fig. 1. 
Buffer: barbiturate at pH 8-6. 


Fig. 3. Effect of phenylalanine on electrophoretic mobility of thyroxine in the 
presence of human serum albumin. a, distribution of radioactivity on paper strip 
after running 20 yl. sample of albumin solution (5 g/100 ml.) containing radioactive 
thyroxine (1 »g/100 ml.) on untreated paper; b, the same as a, but run on paper 
soaked in phenylalanine. Arrow shows line of application of samples; solid block 
shows position of albumin band. Buffer: barbiturate at pH 8-6. 
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In this paper we shall use the term ‘phenylalanine effect’ for the effect 
whereby some substances, including phenylalanine and other amino 
acids, enable thyroxine to move to the inter-alpha zone on paper electro- 
phoresis in the absence of serum. The existence of the phenylalanine 
effect raises the possibility that the electrophoretic mobility of thyroxine 
in whole serum is due to the presence of the free amino acids in blood. 


_ The following experiment shows, however, that this is not so. An aqueous 


solution of a mixture of amino acids was made so that the concentration 
of each amino acid was that of the free acid in normal human serum 


(Stein & Moore, 1954). Radioactive thyroxine was dissolved in this solution 


and put on to paper strips, or was put on to paper strips which had been 
soaked in the amino-acid solution. After electrophoresis for 18 hr in 
barbiturate buffer at pH 8-6, all the radioactivity remained at the origin. 


Paper electrophoresis in two dimensions — 

The mechanism underlying the phenylalanine effect is not known. One 
possibility (see Discussion) is that the phenylalanine, or other substance, 
blocks the binding sites on the paper which normally adsorb thyroxine, 
and that by doing so, it enables free thyroxine to move electrophoretically. 
If this is how phenylalanine acts, the serum proteins themselves might 
act in the same way. In this case, it would be possible to explain the 
movement of thyroxine to the inter-alpha zone in the presence of whole 
serum, without postulating a specific thyroxine-binding protein. It might 
be thought, for instance, that the «,-globulin blocks enough of the binding 
sites in its path along the paper to enable thyroxine to move by electro- 


phoresis to a zone just behind it. Alternatively, if the blocking effect. 


were due to the «,-globulin, thyroxine might be able to move just in front 
of it. In either case, thyroxine would travel in the inter-alpha zone. This 
explanation was excluded by observing the mobility of thyroxine on 
paper electrophoresis in two dimensions in the presence of serum. 


_» Radioactive thyroxine was dissolved in serum (10 »g/100 ml.) and a 


sample of 10 ul. applied as a single spot near one corner of a square sheet 
of filter paper. This was submitted to electrophoresis in the barbiturate 
buffer. The paper was then rotated through 90° so that the serum proteins, 
which had been separated during the electrophoresis, lay along a line close 
to the edge of the paper nearest to the cathode. Electrophoresis was then 
carried out at the same voltage. The filter paper was dried and the positions 
of the radioactivity and the spots of protein were determined. The proteins 
were found to be distributed along a line at an angle of about 45° from the 
line of movement in the first dimension. The position of the radioactivity 
was shown by two:spots of blackening: a dark area over the inter-alpha 
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zone, and an area of less intense blackening over the centre of the albumin 
spot (Fig. 4). 

The movement of thyroxine to the inter-alpha zone in the second 
dimension cannot have been due to the «,- or «,-globulin acting in the 
manner suggested above, since neither protein travelled along the same 
path as the thyroxine. 


| Albumin 


Second dimension 
te, 


First dimension . 


Fig. 4. Autoradiograph from two-dimensional paper electrophoresis of serum 
(10 yl. containing 10 ug radioactive thyroxine/100 ml.) in barbiturate buffer at 
pH 8-6. Arrow shows point of application of sample; areas enclosed by dotted line 
show positions of protein spots revealed by staining the paper; horizontal and 
vertical lines show direction of movement towards anode in first. and second 


dimensions. Note: the three y-globulin spots were observed in all two-dimensional 
experiments with barbiturate buffer. 


Effect of pH on the electrophoretic mobility of thyroxine 

If the electrophoretic mobility of thyroxine in serum is due to the 
presence of a substance capable of exerting the phenylalanine effect, any 
conditions which change the mobility of thyroxine alone on phenylalanine- 
treated paper should have the same effect on the mobility of thyroxine in 
the presence of serum. Changes in the pH of the buffer are known to 
influence the mobility of thyroxine submitted to paper electrophoresis in 
serum (Robbins, Petermann & Rall, 1955). Making use of this observation, 
we have compared the electrophoretic mobility of thyroxine alone run on 


pa 
dis 
7 at 
ur 
pa 
2 
tk 
< 
; f 
y 
: 
| 
| 


ELECTROPHORESIS OF THYROXINE 399 


paper soaked in a solution of phenylalanine, with that of thyroxine 
dissolved in serum and run on untreated paper, using barbiturate buffer 
at pH 7-6, 8-6 and 9-2. In each experiment two strips of paper, one 
untreated and the other treated with phenylalanine, were placed in 
parallel in the same electrophoresis box. The untreated paper received 
20 yl. of serum containing radioactive thyroxine (1 »g/100 ml.) and the 
- phenylalanine-treated paper received 20 yl. of a solution of radioactive 
thyroxine in the buffer (1 »g/100 ml. buffer). At the end of the run, the 
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pH 8°6 9-2 
Fig. 5. Diagram to represent paper strips, showing effect of pH of barbiturate 
buffer on distribution of thyroxine submitted to electrophoresis with serum on 
untreated paper, and without serum on paper soaked in phenylalanine. The strip 
on the left of each pair was untreated and received radioactive thyroxine dissolved 
in serum (1 yg/100 ml.); that on the right of each pair was soaked in phenylalanine 
solution (1 mg/ml.) and received radioactive thyroxine dissolved in the buffer 
(1 »g/100 ml,). Shaded areas show positions of protein bands, averaged from 
many experiments; solid circles show positions of peaks of radioactivity, the 
proportion of the total activity at each peak being shown roughly by the area of 
the circle. Vertical scale, distance towards anode from line of application of © 
sample; horizontal scale, pH. 


distribution of radioactivity was found, and the mobility of the peaks 
expressed in centimetres per hour. The papers were then stained, so that 
the positions of the peaks of activity could be seen in relation to the bands 
of serum protein. Preliminary experiments showed that thyroxine applied 
to untreated paper without serum did not move more than a few milli- 
metres when submitted to electrophoresis in any of the conditions to be 
tested. 

The results obtained at pH 8-6 have been described in the preceding 
section (Figs. 2, 5). | 

At pH 7-6, on the untreated paper with thyroxine dissolved in serum, 
the mobility of all the serum proteins was less than at pH 8-6. The reduction 
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in mobility was most marked in the case of the albumin band, which 
sometimes merged with the «,-globulin. The mobility of the main peak of 
radioactivity was also reduced, but its relationship to the «,- and a,- 
globulins remained unchanged (Fig. 5). The size of the small peak of 
activity in the albumin-was about the same as with barbiturate buffer at 
pH 8-6. On the treated paper, to which the radioactive thyroxine had 
been added without serum, the radioactivity usually remained at the line 
of application. In a few experiments it moved as a single peak a little 
towards the anode, but never beyond a position corresponding to the 
B-globulin band on the control paper containing serum. 

At pH 9-2 all the serum protein fractions moved further than at pH 8-6. 
The increase in mobility was most marked in the case of albumin, and 
this resulted in a widening of the gap between albumin and the «,-globulin. 


The main peak of radioactivity on the paper with serum was further 


towards the anode than at pH 8-6 (Fig. 5), but its relationship to the «,- 
and «,-globulins was the same. On the phenylalanine-treated paper the 
radioactivity was distributed as a single peak ahead of the main peak of 


activity on the untreated paper to which the thyroxine had been added in 


serum. In some experiments the peak of activity on the treated paper 
corresponded to the position of the «,-globulin on the untreated paper; 
in others it was between the albumin and «,-globulin bands (Fig. 5). 


| DISCUSSION 

The simplest way of explaining our observations is to suppose that in 
the presence of certain substances which compete for thyroxine-binding 
sites on the paper, thyroxine moves electrophoretically as the free molecule, 
and that free thyroxine moves on paper to the inter-alpha zone in barbitu- 
rate buffer at pH 8-6 but not at pH 7-6 or 9-2. If phenylalanine competes 
for the thyroxine-binding sites on albumin, as well as for those on the 
paper, this would explain why thyroxine moves to the inter-alpha zone 
on phenylalanine-treated paper in the presence of serum albumin (Fig. 3). 
The electrophoretic movement of thyroxine in serum cannot be due to 
the phenylalanine effect, since thyroxine in the presence of whole serum 
continues to move to the inter-alpha zone when the pH is changed from 
8-6 to 7:6 or 9-2, whereas it does not do so when run alone on pheny!- 
alanine-treated paper (Fig. 5). To this extent our observations give some 
evidence in favour of the view that the electrophoretic mobility of thy- 
roxine in serum is determined by that of a substance. to which the thy- 
roxine is bound. The presence of a binding substance with a limited capacity 
also explains the well-known observation that only a limited amount of 
thyroxine can be carried in the inter-alpha zone—an effect that is difficult 
_to account for in any other way. In the presence of serum that has been 
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digested by proteolytic enzymes, thyroxine has a mobility similar to that 
of thyroxine on phenylalanine-treated paper in the absence of serum— 
that is, it moves to the inter-alpha zone at pH 8-6 but not at pH 7-6. This 
is consistent with the current view that thyroxine in serum is bound to 
a specific protein. 

There is no direct evidence that phenylalanine and other substances 
which enable thyroxine to move electrophoretically in the absence of 
serum act in the manner suggested above. It is possible that they act by 
forming complexes with thyroxine, although this would raise the difficulty 
of explaining why complexes formed between thyroxine and different 
amino acids all have the same electrophoretic mobility in barbiturate 
buffer. It must also be pointed out that if the binding of thyroxine by 
filter paper is completely suppressed by phenylalanine, thyroxine would 
be expected to move towards the anode on phenylalanine-treated paper 
at pH 7-6, since this pH is higher than the iso-electric point of thyroxine. 
It may be that there is, in fact, some tendency for thyroxine to move 
towards the anode at pH 7-6, and that this is balanced by a flow of buffer 
towards the cathode. It is also possible that the binding of thyroxine by 
the paper is only partially suppressed by substances which exert the 
phenylalanine effect; we have been unable to show that treatment with 
phenylalanine has any effect on the ease with which thyroxine can be 
eluted from a piece of filter paper. 

Phenylalanine does not. act by chelating traces of heavy metals in the 
filter paper, since thyroxine remains at the origin after electrophoresis 
at pH 8-6 on filter paper soaked in ethylenediaminetetraacetic acid (Osorio 
& Myant, unpublished). 

Whatever the true explanation for the phenylalanine effect may be, the 
‘results obtained with proteolytic enzymes and with phenylalanine show 
that, under certain conditions, thyroxine may behave electrophoretically 
in the absence of serum as if a specific binding substance were present. 
This complicates the problem of testing for the presence of the binding 
_ substance, presumed to be present in whole serum, when attempting to 
purify it or to demonstrate its presence in body fluids other than serum. 
Demonstration, for example, that an extract of serum or other tissue 
causes thyroxine to move to the inter-alpha zone, when submitted to 
paper electrophoresis in barbiturate buffer at pH 8-6 in the presence of 
albumin, does not prove that the extract contains the substance in whole 
serum which causes thyroxine to move to the inter-alpha zone under these 
conditions (‘inter-alpha binding substance’). 

This raises the question as to how the ‘inter-alpha binding substance’ 
should be defined. We suggest that it should be defined at present as a sub- 
stance in human serum which, when tested by filter-paper electrophoresis 


ips 
ry 
"a 
‘ 
ey 
ig 
i 


402 N.B. MYANT AND C. OSORIO 


in barbiturate buffer over a range of pH from 7:6 to 9-2 and of ionic 
strength from 0-05 to 0-1, carries thyroxine at physiological concentra- 
tions to the inter-alpha zone, both in the presence and in the absence of 
serum; when added to normal serum it increases the thyroxine-binding 
capacity at the inter-alpha zone. 

The binding substance, it may be noted, is defined here solely in terms 
of its association with thyroxine and its electrophoretic behaviour on paper 
under specified conditions. An association between thyroxine and specific 
fractions of human serum may be observed under other conditions; as 
by ultracentrifugation (Petermann, Robbins & Hamilton, 1954), electro- 
phoresis in the Tiselius apparatus (Silver & Reiner, 1950), electrophoresis 
with starch gel as the supporting medium (Rich & Bearn, 1958), separation 
of serum proteins by chromatography with ion-exchange resins (Ingbar, 
Dowling & Freinkel, 1957), or determination of the iodine content of 
proteins obtained by fractionation of whole serum (Bassett, Coons & 
Salter, 1941; Schmid, 1953). However, it is not certain that any of the 
binding substances revealed by these methods is the same as the inter- 
alpha substance defined above. This uncertainty arises partly because the 
interaction between thyroxine and the binding substances in serum is 
reversible and may, be influenced by the method used for observing it. 
On paper electrophoresis, for instance, the distribution of thyroxine is 
influenced by the pH and composition of the buffer (Myant & Osorio, 1960). 
Other factors, such as the supporting medium used in zone electrophoresis, 
or the conditions used in the Cohn fractionation, may well have an equally 
marked effect on the distribution of thyroxine in serum. 


SUMMARY 


1. When thyroxine is submitted to paper electrophoresis in the presence 
either of a proteolytic digest of human serum or of phenylalanine or other 
amino acids, it moves in a barbiturate buffer at pH 8-6 to a position corre- 
sponding to the inter-alpha zone. Under the same conditions, thyroxine 
scarcely moves from the origin at pH 7-6. The term ‘phenylalanine effect’ 
is proposed for this effect. 

2. The phenylalanine effect may be explained by the hypothesis that 
certain substances, including phenylalanine and substances present in a 
proteolytic digest of serum, enable thyroxine to move electrophoretically 
as the free molecule by blocking the thyroxine-binding sites on the paper, 
and that free thyroxine moves on paper at pH 8-6 but not at pH 7:6. 


3. Since thyroxine in the presence of whole serum moves to the inter- ~ 


alpha zone in barbiturate buffer at pH 7-6, it is concluded that the 
electrophoretic mobility of thyroxine in serum is not due to the pheny!- 
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alanine effect. This is taken as evidence for the existence of a specific 
thyroxine-binding substance in serum. 

4. The behaviour of thyroxine in serum submitted to paper electro- 
phoresis in two dimensions is not consistent with the hypothesis that either 
the «,- or the «,-globulin causes thyroxine to move electrophoretically by 
exerting the phenylalanine effect. 

5. It is pointed out that the existence of the phenylalanine effect 
complicates the problem of testing for the substance presumed to be 
responsible for the electrophoretic mobility of thyroxine in whole serum 
in barbiturate buffer, since thyroxine alone may behave as if a binding 
substance were present. 


We are greatly indebted to Dr D. J. R. Laurence for discussions during this work and for 
criticism of the manuscript, and also to Dr 8. A. Berson for helpful suggestions. One of us 
(C.0.) was in receipt of a Research Scholarship from The Wellcome Trust. 
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THE EFFECT OF STIMULATION OF EXTRINSIC NERVES ON 
PERISTALSIS AND ON THE RELEASE OF 5-HYDROXY- 
TRYPTAMINE IN THE LARGE INTESTINE OF THE 
GUINEA-PIG AND OF THE RABBIT 


By C. Y. LEE* 
From the Department of Pharmacology, University of Oxford 


(Received 16 October 1959) 


Since the classical work by Trendelenburg (1917), many studies have 
been published on the peristaltic activity of the small intestine (for 
references see Biilbring & Lin, 1958). In a recent investigation Biilbring & 
Lin (1958) found that small amounts of 5-hydroxytryptamine (5-HT) 
- were continuously released into the lumen of an isolated loop of ileum and 
that 5-HT, if applied intraluminally, stimulated peristalsis by its action 
on sensory receptors deeply seated in the intestinal mucosa. These findings 
have been extended by experiments on small intestine in situ (Biilbring & 
Crema, 1958, 1959a, 6), but little is known about the effect of 5-HT on, 
and the release of 5-HT from, the large intestine. Moreover it is not known 
whether the release of 5-HT from the intestine is controlled by the 
extrinsic nerves. Bayliss & Starling (1900) have described the movements 
of the large intestine in situ and the effects of stimulating its sympathetic 
and parasympathetic nerve supply. Since the distal colon can be excised 
with both the lumbar sympathetic outflow and the pelvic nerve attached 
(Garry & Gillespie, 1954, 1955), it seemed of interest to study the action of 
5-HT on the peristalsis of the isolated colon and to investigate the effect 
of extrinsic nerve stimulation on 5-HT release. 

The effects of atropine, of hexamethonium and of nicotine on the peri- 
staltic reflex as well as on the extrinsic nerve stimulation were also 
investigated, in the hope of throwing some light on the relationship between 
the nervous pathways of the peristaltic reflex arc and those of the extrinsic 
Innervation. 

A preliminary account of some of the results has been given in a 
communication to the Physiological Society (Lee, 1959). 


* On leave of absence from the Pharmacological Santee, National Taiwan University, 
Taipei, Taiwan (Formosa), China. 
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METHODS 


Guinea-pigs and rabbits of either sex were used. They were stunned and bled. Loops 
from the oral or caudal part of the distal colon were excised to record peristaltic activity ; 
a few experiments were also done on isolated loops of ileum for comparison. A piece of 
intestine about 7~8 cm long was suspended at 37°+0-5° C in Tyrode solution (containing 
MgCl, 0-01 g/l.), which was continuously oxygenated with 95% O,+5% CO. The solution 
in the 60 ml. organ bath was continuously changed by a slow flow of about 2 ml./min, the 
level being kept constant by overflow. Whenever a drug was added to the bath the flow was 
stopped in order to avoid dilution of the drug concentration. Oxygenated Tyrode solution 
from a Marriotte bottle flowed also through the lumen of the intestine. 

Peristaltic activity was recorded by the method of Biilbring, Crema & Saxby (1958). 
This is so designed that peristaltic contractions are evoked at regular intervals, as fluid from 
a Marriotte bottle, kept at constant height, enters the lumen of the intestine at a slow rate. 
Each time the critical pressure is attained the fluid is expelled through a suspended U tube. 
This arrangement allows the longitudinal contractions to be recorded. The Marriotte bottle 
was kept 7-17 cm above bath level; the outflow tube only 3-9 cm, since it carried a rubber 
valve which added to the resistance and prevented fluid from siphoning over. Thus no 
fluid could escape except when it was expelled by peristaltic waves, which occurred usually 
once or twice per minute. 

In some experiments, both outflow and inflow were recorded. For the outflow a volume 
recorder was used of the type described by Biilbring ef al. (1958), each vertical stroke 
indicating expulsion of 1 ml. fluid. For the inflow a Thorpe drop recorder was arranged 
in such a way that the contact was broken at the moment when fluid was expelled —Le. when- 
ever a peristaltic wave occurred. 

Preparations of the caudal part of the distal colon were dissected, with the extrinsic 
nerves, from rabbits and guinea-pigs according to the method of Garry & Gillespie (1954, 
1955). The lumbar sympathetic outflow or the pelvic visceral nerve was stimulated by two 
irrigated electrodes (Burn & Rand, 1960) for 0-5 or 1 min with stimuli of 1-2 msec duration 
at a frequency of 10/sec from an electronic rectangular-pulse stimulator. 

For the determination of 5-HT in the effluent, samples were collected into ice-cold test- 
tubes over periods of 3-10 min and immediately frozen in a deep-freeze. In the absence of 
peristalsis the effluent was obtained by lowering the resistance to the outflow, allowing a 
passive flow. 

The 5-HT in the effluent was estimated by Vane’s method (1957) on the rat stomach pre- 
paration in the presence of atropine 10~* and mepyramine 10-’. Although this preparation 
is rather insensitive to histamine, the mepyramine was used to avoid errors due to large con- 


centrations of histamine in the samples. The contractions produced by the samples were — 


abolished by 10-* BOL 148 (2-brom-p-lysergic acid diethylamide). 

The following substances were ned atropine sulphate, hexamethonium bromide, nicotine 
hydrogen tartrate, 5-hydroxytry tinine sulphate, adrenaline hydrochloride, 
mepyramine hydrochloride and BOL 148. Dosages refer to the salt, except for 5-HT and 
adrenaline. 


RESULTS 
Normal propulsive activity of the colon 
The peristaltic waves of the isolated colon from .the guinea-pig and from 
the rabbit were compared with those of the ileum in the same species, 
and Fig. 1 shows the following differences, First, the peristaltic wave of 
the colon was slower and more protonged than that of the ileum, and the 
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emptying phase lasted 20-30 sec in the colon as against 5 sec in the ileum. 
Secondly, the longitudinal contractions were very regular in the ileum but 
rather irregular in the colon, in which there was no distinct ‘preparatory 


Fig. 1. Records of peristaltic waves of (a) isolated guinea-pig ileum, (6) guinea-pig 
colon, (c) rabbit ileum, (d) propulsive waves in rabbit colon. In this and all sub- 
sequent figures 1 = longitudinal muscle contractions (upwards), /P = intraluminal 
pressure (mm water) at oral end. The threshold at which the emptying phase starts 
is marked with dots. At this moment the pressure in the tube to the float recorder 
starts to rise sharply because the lumen is occluded, and drops again after the 
intraluminal contents have been expelled. Time marker, 30 sec. 


phase’. Thirdly, the threshold pressure required to elicit the peristaltic 
reflex was higher for the colon than for the ileum, varying between 40 
and 70 mm water. 

The raised filling pressure was not the only stimulus to evoke peristalsis 
in the colon. In the preparation shown in Fig. 2a there were at first only 
rhythmic pendular movements but no propulsive contractions, although 
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the intraluminal pressure was high. The muscle coats then relaxed spon- 
taneously, allowing considerable distension of the lumen, which was 
followed by a burst of propulsive waves. A similar phenomenon was 
described by Straub & Schild (1933) who found that the first response of 
the large intestine in situ to a raised filling pressure was ‘diastole’ and 
concluded that distension of the wall was essential for eliciting the reflex. 


IP (mm 
IP (mm 


Fig. 2. Rabbit colon. Two different conditions preventing propulsive activity. 
(a) Pendular, non-propulsive movements at high intraluminal pressure during 
high tone of circular muscle; propulsive waves occurring only after spontaneous 
relaxation allowing distension of the lumen. (b) Different experiment: inhibition 
of propulsive activity due to excessive distension of lumen after sympathetic 
nerve stimulation at 8. (c) 20 min after (6), reappearance of propulsive waves on — 
lowering the filling pressure by 20 mm H,O. 


The behaviour shown in Fig. 2a in which groups of 5-10 propulsive waves 
alternated with periods of non-propulsive contractions occurred in a 
minority of the in vitro preparations. Usually it was possible to adjust 
the filling pressure in such a way that propulsive waves were evoked at 
fairly regular intervals for several hours. These were the conditions in which 
the effects of nerve stimulation and of various drugs were investigated. 


The effect of extrinsic nerve stimulation on propulsive activity 
Sympathetic nerve stimulation arrested propulsive activity. It caused 
an immediate relaxation of the longitudinal muscle in both species. The 
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response of the circular muscle was not constant; sometimes it relaxed 
immediately, but sometimes sympathetic stimulation caused an increase 
in the rate of circular contractions, or a sustained contraction. When 
sympathetic stimulation was stopped there followed, after a latent period 
of 5-30 sec, a transient increase in tone of both muscle coats; thereafter 
regular peristaltic activity was resumed. In some experiments, however, 
the lumen remained over-distended for some time and propulsive waves 
reappeared only when the filling pressure was lowered, as is shown in 
Fig. 20, c. 


IP (mam H,O) 
IP (mm 


Atropine 10% 


Fig. 3. Rabbit colon. Effect of atropine. Pelvic nerve stimulation (P) effective 
before atropine (a) but not after (c), while propulsive activity persists (0, c). 
Sympathetic stimulation (8S), in another preparation, causing circular con- 
tractions before atropine (d) and relaxation after, but propulsive activity 
persists (e). 


Pelvic nerve stimulation also arrested propulsive activity. It produced 
@ sustained contraction of both muscle coats which stopped propulsive 
activity for the duration of the stimulus, and there was usually no increase 
in the number of propulsive waves afterwards. 


Effect of atropine 

Atropine in concentrations as high as 10~¢ did not abolish the propulsive 
activity in the rabbit colon. At first the tone of the longitudinal muscle 
decreased and the threshold pressure was slightly raised (Fig. 3b), but 
later the longitudinal muscle tone recovered and propulsive activity 
continued at a slightly slower rate (Fig. 3c). At the same time, however, 


4 
mag 
+ 
| 
ve 
| 
| 
} 
L 
4 
t 
3 


410 C. Y. LEE 


the response to pelvic nerve stimulation was abolished (Fig. 3a, c). When 
the concentration of atropine was raised to 10-* propulsive activity 
persisted. Moreover, if the response of the circular muscle to sympathetic 
nerve stimulation was a contraction, this effect was abolished or reversed 
by atropine (Fig. 3d, ¢), but propulsive activity continued nevertheless. 
If a colon preparation showed irregular, non-propulsive contractions 
atropine converted these into regular, co-ordinated propulsive waves 
(Fig. 4a). The effect of atropine on the rabbit ileum was entirely different. 


IP (mm 


IP (mm H2O) 


Fig. 4. Effect of atropine (10-*) on propulsive activity of rabbit large (a) and 
small (6) intestine. (a) In the colon atropine abolished pendular activity and 
diminished longitudinal muscle tone, and propulsive activity began. (6) In the ileum 
atropine abolished propulsive activity but not pendular movement. 


In concentrations of 10-*-10- it completely abolished peristalsis but left 
the pendular movements unaffected (Fig. 45). 

In the guinea-pig atropine 10-5 abolished the peristaltic reflex of the 
small and the large intestine alike. ; 


Effects of hexamethonium and nicotine 
Hexamethonium in concentrations up to 1 x 10-* inhibited propulsive 
activity in the rabbit colon only temporarily; after 510 min propulsive 
waves reappeared while hexamethonium was still present in the bath. 
However, one-tenth of this hexamethonium concentration, i.e. 1 x 10-4, 
abolished all contractions evoked by extrinsic nerve stimulation. 
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Apart from its initial stimulating effect, nicotine acted like hexa- 
methonium, and concentrations up to 10-4 failed to abolish propulsive 
contractions in the rabbit colon, whereas 3 x 10-* was sufficient to abolish 
the response to pelvic nerve stimulation. It is for this reason that the 
propulsive activity in the rabbit colon has not been called peristalsis 
throughout this paper. 

In the small intestine of the rabbit both hexamethonium and nicotine 
blocked peristalsis, as they did also in the guinea-pig small and large 
intestine. 


IP (mm H2O) 


10° 
Fig. 5. Rabbit colon. Effect of serosal application of 5-HT. (a) Subthreshold 
pelvic nerve stimulation at P (0:75 mA) before 5-HT. (b) Effect of 5-HT 10-*, 
applied serosally, on propulsive activity and on pelvic nerve stimulation; note 
that stimulus (0-75 mA) previously subthreshold became effective. (c) Slightly 
stronger stimulus at P (1 mA), before 5-HT, and (d) repeated after 5-HT 10-°. 


The effect of serosal application of 5-HT' on propulsive activity 
and on pelvic nerve stimulation 

When 5-HT 10-*-10-5 was applied to the serosal surface of the colon of 
rabbits and guinea-pigs by addition to the bath its first effect was an 
immediate contraction of the longitudinal muscle lasting about 1 min. 
_ In the rabbit colon this was followed by stimulation of propulsive activity 
(Fig. 5b). In the guinea-pig colon peristalsis was abolished within 2-3 min, 
but irregular propulsive waves reappeared spontaneously after about 
10-20 min while the 5-HT was still present in the bath. 
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The response to pelvic nerve stimulation was facilitated by 5-HT. 
Figure 5 shows a typical experiment on rabbit colon. In the presence of 
5-HT (10-*) a subthreshold stimulus (0-75 mA) became effective and a 
slightly stronger stimulus (1 mA) caused a much greater response than 
before, In guinea-pig colon, despite the inhibition of the peristaltic reflex 


by externally applied 5-HT, the circular contraction in response to pelvic — 


nerve stimulation was nevertheless potentiated, but the contraction was 
not sustained. 


» & 


Inflow (ml.) 


U5.HT 10% Inside ———J 
Fig. 6. Guinea-pig colon. Effect of intraluminal application of 5-HT on peristaltic 
events. From above downwards: outflow (1 ml. per line), intraluminal pressure 
at oral end, and inflow (ml.) per peristaltic wave. 5-HT at first diminished the 
_ inflow by causing circular muscle contraction, but later increased fluid propulsion. 


The effect of intraluminal application of 5-HT on peristalsis 

In guinea-pig colon intraluminal application of 5-HT 10-8-10-* stimu- 
lated peristalsis. In sensitive preparations its first effect was a contracture 
of the circular muscle which prevented fluid from entering the lumen. The 
decrease of inflow due to incomplete relaxation is shown in Fig. 6. Next 
there followed a period of increased peristaltic activity. The threshold 
fell from 75-100 mm to about 60 mm water. Irregular, non-propulsive 
contractions were abolished and the peristaltic waves became more 
frequent and more co-ordinated. As the rapid ejection of fluid allowed arapid 
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filling, the fluid transport was almost doubled. When 5-HT was washed 
out there was usually some inhibition. If 5-HT 10-* was given intralumi- 
nally over longer periods, or if higher concentrations were used, the initial 
stimulation gave way to inhibition while 5-HT was still present. _ 

In rabbit colon the effect of 5-HT applied to the mucosa was less readily 
‘obtainable but qualitatively not different from that found in guinea-pigs. 


The release of 5-HT 


The release of 5-HT into the fluid passing through the lumen of the colon. 
Samples of fluid expelled from the ascending colons of guinea-pigs, and 
from the descending colons of guinea-pigs and rabbits, were collected and 


TaBLE 1. Release of 5-HT and fluid transport by isolated intestine 


| Filling 5-HT base Fluid No. 
: pressure release transport of 
Preparation used (mm H,O) (ng/min+s.£.) (ml./min) expts. Author 
Guinea-pig, ileum* 17-20 5-744+0-818 2-15 13 
Guinea-pig, ileum* 25-30 9-59 + 1-779 3-36 7 | Batbring & Lin 
Rabbit, jeyanum* 25-30 9-14+ 1-905 4-03 3 
Guinea-pig, oral 100-110 6-33 + 1-202 4-07 6 ‘ 
partofdistal 
colon, 
Guinea-pig, 100-110 1-57 + 0-354 4-1] 6 
caudal part of 3 >This paper 
distal colon 
Rabbit, caudal 80-170 0-89 + 0-204 4-40 10 
part of distal 
colon ) 


* Calculated from Table 1,.J. Physiol. 140, 390. 


the 5-HT content was determined. In experiments on the small intestine, 
Biilbring & Lin (1958) found that it was possible to adjust the volume of 
fluid passing through the intestinal lumen during ‘periods of inactivity to 
be comparable with the volume which was propelled during active peri- 
stalsis. In the oral part of the distal colon, however, because of the high 
tone of its circular muscle, this was not possible unless the muscular | 
activity was abolished either by adrenaline or by asphyxiation of the 
muscular layers. While the amounts of 5-HT released from the oral part 
of the distal colon were of the same order of magnitude as those found by 
Biilbring & Lin (1958) in the small intestine (Table 1), the amounts from 
the caudal part were much smaller. This difference was found to be highly 
significant (P = 0-01). The difference between the amounts of 5-HT 
released in guinea-pigs and those in rabbits was not significant. 

In four experiments the effect of the intraluminal pressure on the 5-HT 
release was tested by raising the filling pressure from subthreshold (10— 
30 mm) to above the threshold at which peristalsis occurred (100-110 mm 
H,0). Table 2 shows that the 5-HT release was increased from a mean of 
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1-79 ng/min to 7-57 ng/min. However, no increase of 5-HT release could 
be found by raising the intraluminal pressure if the peristaltic contractions 
were completely abolished either by adding adrenaline to the bath, attaining 
a concentration of 5x 10-’, or by asphyxiation of the muscular layers 
through stopping the oxygenation of the Tyrode’s solution. These experi- 
ments indicated that the amounts of 5-HT released into the lumen were 
directly related to the peristaltic activity. 

The effect of extrinsic nerve stimulation on 5-HT release. The following 
experiments were carried out on isolated rabbit colon. The fluid expelled 
during 3 min periods was collected and the 5-HT content was estimated. 
The percentage changes of 5-HT release in two successive samples ranged 


TaBLE 2. 5-HT release in relation to peristalsis in isolated guinea-pig colon 


Below threshold | Above threshold pressure 
(10-30 mm H,0O) (100-110 mm H,0O) 
conditions 5-HT release Fluid passive 5-HT release Fluid transport 
and no. of expt. (ng/min) flow (ml./min) (ng/min) (ml./min) 
Normal 
1-40 0-35 9-00 
2 0-66 0-82 «448 
3 4:37 2-75 : 7-50 5-0 
4 0-75 0-25 9-30 6-2 
Mean 1-79 1-04 7°57 4-65 
Adrenaline 
5 7 0-34 2-13 0-40 3°55 
Asphyxia | 
6 1-12 3:90 0-54 1-80 
4-67 2-16 4-78 2-40 
8 297 0-64 3-11 1-53 
Mean 2-28 2-21 2-21 2-32 


from — 40-7 % to + 32-3 % (17 observations) with a mean value of — 3-28 % 
(8.8. + 4:56). Some of these changes were due to unavoidable sampling 
errors, since the numbers of peristaltic waves during the sampling periods 
. were not always the same. In general, however, the amount of 5-HT 
found in successive samples declined slightly with time. The lumbar 
_ sympathetic outflow or the pelvic nerve were stimulated for 1 min periods 
at a frequency of 10/sec. The mean of the amounts of 5-HT found in the 
control samples collected before nerve stimulation was taken as 100%, 
and the content of each sample during and after nerve stimulation was 
calculated as a percentage thereof. The percentage changes in 5-HT 
release after pelvic nerve stimulation (nine experiments) ranged from 
+31-7% to —18-2% with a mean value of +2:25% (s.z. + 4-65), which 
_ Was not significantly different from that of the control samples. Sympa- 
thetic stimulation (nine experiments) reduced the amount of 5-HT released 
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by 29-6 % (S.E. + 6°76), which was significantly different from that of the 
control samples (P = 0-01). This reduction appeared to be due to the 
inhibition of peristaltic activity by sympathetic stimulation; however, 
it is small compared with the changes produced by altering the filling 
pressure. | 

DISCUSSION 

Bayliss & Starling (1900) noted that in the dog and in the rabbit the 
behaviour of the large intestine differed from that of the small intestine 
in that the peristaltic contractions were larger, less frequent and more 
prolonged. Straub & Schild (1933) made similar observations in the cat 
and guinea-pig. They stated that the main characteristic of the function 
of the large intestine was the intense sluggishness of all processes and the 
pronounced tonic quality of the contractions. These observations were 
confirmed and extended by the present study of the behaviour of isolated 
loops of large intestine. The finding that the oral part of the distal colon 
is much more tonic and shows a greater non-propulsive activity than the 
caudal part may have some physiological significance. In this connexion 
it is interesting to note that the amount of 5-HT released from the oral 
part is much greater than that from the caudal part. The observation, that 
in situ (Straub & Schild, 1933) the lumen must be distended before peri- 
staltic waves can occur, was confirmed in vitro. 

While sympathetic stimulation inhibits peristalsis by relaxation of both 
muscle coats, parasympathetic stimulation does so by causing a maintained 
contraction which prevents the distension of the lumen and thereby 
inhibits peristalsis. Although parasympathetic stimulation can produce 
an immediate peristaltic wave, it does not increase the frequency of 
contractions. The finding of Garry & Gillespie (1955) that stimulation of 
the lumbar sympathetic outflow always causes inhibition of the longi- 
tudinal contractions was confirmed. However, it was also found that 
sympathetic stimulation frequently caused circular contractions at the 
oral portion of the colon, which were completely abolished by atropine as 
well as by hexamethonium and nicotine. These observations indicate that 
the lumbar colonic nerves contain some preganglionic parasympathetic 
fibres, as suggested by Varagid (1956) and by Gillespie & Mackenna (1959). 

It is interesting to note that even in high concentrations atropine, 
hexamethonium, or nicotine did not abolish the propulsive activity of the 
rabbit colon. A possible explanation presents itself at once in the fact 
that the thickness of the tissue, through which the drugs had to diffuse 
in order to reach their site of action, was greater in the,colon than in the 
other preparations. However, a difficulty of access is not likely to be 
the explanation, because the muscle contraction in response to pelvic 
_ stimulation was completely abolished by much lower concentrations of 
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these drugs. In contrast, the peristaltic reflex of the guinea-pig colon, 
the guinea-pig ileum (Biilbring & Crema, 1958) and also of the rabbit 
ileum could be abolished by atropine as well as by hexamethonium and 
nicotine. This indicates that there is an important difference in the mechan- 
ism of the peristaltic reflex of the large intestine not only between the 
rabbit and the guinea-pig, but also between the large and small intestine 
of the same species. | 

The effect of 5-HT on the large intestine differed in the two species in 
the same way as Biilbring & Lin (1958) found it in the small intestine. 


In guinea-pig colon, if applied to the: mucosal surface, 5-HT stimulated 


the peristaltic reflex; this was followed by depression. If applied to the 
serosal surface, 5-HT inhibited peristalsis after an initial contraction of 
the longitudinal muscle. On the other hand, when applied to the serosal 


_ surface of rabbit colon, 5-HT stimulated propulsive activity after an initial 


contraction, and inhibition was never observed. When 5-HT was applied 


- to the mucosa of rabbit colon, the stimulating effect was less readily 


obtainable than in guinea-pigs. 

In the rabbit colon 5-HT not only facilitated propulsive activity but 
also the muscle response to pelvic stimulation. This is consistent with the 
observations of Biilbring & Crema (1958) and Draskoci & Haranath (1959) 
that 5-HT sensitizes smooth muscle to acetylcholine. Also in the guinea-pig 
colon, where 5-HT inhibits peristalsis, it nevertheless potentiated the 
response to pelvic nerve stimulation. The inhibition of the peristaltic 
reflex in guinea-pig ileum by 5-HT has been attributed to a ganglionic 
blocking action (Biilbring & Crema, 1958). If so, the finding that serosal 


application of 5-HT abolished the peristaltic reflex but not the response 


to pelvic nerve stimulation indicates that the synaptic pathways differ. 
It may be that the ganglion cells of the enteric reflex arc are different 
from those on which the extrinsic nerves impinge, a possibility postulated 
by previous authors in view of the lack of proportionality between the 
number of enteric neurones (ganglion cells) and that of extrinsic nerve 
fibres (see Ambache, 1955). 

Finally, the amounts of 5-HT released into the lumen during peristalsis 
of the oral part of the distal colon were found to be the same order of 
magnitude as those in the small intestine (Biilbring & Lin, 1958), whereas 
the amounts released from the caudal part of the colon were much smaller. 
While 5-HT release could be increased about four times by raising the 


filling pressure from below to above threshold for peristaltic activity, 
extrinsic nerve stimulation produced relatively small changes which were 


directly related to the effect produced on peristaltic activity. Therefore 
it is concluded that the 5-HT release is controlled by an intrinsic mechanism 
connected with peristalsis and is not controlled by the extrinsic nerves. 
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SUMMARY 

1. Propulsive activity was recorded in isolated guinea-pig and rabbit 
colon preparations and the effect of extrinsic nerve stimulation on pro- 
_ pulsive activity and on the release of 5- -hydroxytryptamine (5-HT) was 
studied. 

2. The threshold pressure required to elicit the peristaltic reflex was 
higher than for the small intestine. A distension of the lumen was essential 
for eliciting the peristaltic reflex. The peristaltic wave was much slower 
and more prolonged than that of the small intestine. 

3. Sympathetic stimulation inhibited peristalsis and invariably caused 
immediate relaxation of the longitudinal muscle, but the effect on the 
circular muscle was not constant. In those experiments in which sympa- 
thetic stimulation caused circular muscle contractions these were com- 
pletely abolished by atropine, hexamethonium or nicotine. 

4. Pelvic nerve stimulation caused a sustained contraction of both 
muscle coats and during this contraction fluid propulsion was prevented. 
Atropine hexamethonium 5 x 10~*, and nicotine 3x 10~* abolished 
the response to pelvic nerve stimulation. 

_ 5. Higher concentrations of atropine (10-‘), (10-3) 

and nicotine (10-*) failed to abolish propulsive activity in rabbit colon 
preparations. However, in the rabbit ileum and in the guinea-pig colon 
and ileum peristalsis was abolished by these drugs. 

6. In the guinea-pig colon, as in the small intestine, 5-HT depressed 
peristalsis after serosal application, but stimulated peristalsis after mucosal 
application. During irregular muscular activity, 5-HT applied intralumi- 
nally abolished non-propulsive contractions and produced co-ordinated 
waves; higher concentrations caused an initial contraction and stimula- 

tion of peristalsis which was followed by depression. 

_. 1. In the rabbit colon 5-HT, applied either outside or inside, stimulated 
propulsive activity after an initial contraction, although the stimulant 
effect was less readily obtainable if 5-HT was applied inside. 

_ 8. The response to pelvic nerve stimulation was facilitated by serosal 
application of 5-HT in both species. 

9. The amounts of 5-HT released into the lumen during peristalsis 
of the oral portion of guinea-pig distal colon were of the same order of 
magnitude as in the small intestine, whereas the amounts released from 
the caudal portion were much smaller in both species. 

10. While 5-HT release was increased about four times by raising the 
filling pressure from below to above threshold for peristalsis in normal condi- 
tions, no such increase could be found if the peristaltic contractions were 

abolished either by adrenaline or by asphyxiation of the muscular layers. 


‘ 
% 
i 
i 
i 
é 


418 C. Y. LEE 


11. Sympathetic nerve stimulation reduced the amount of 5-HT 
released on the average only by 30%; pelvic nerve stimulation caused no 


significant change. 
12. It is concluded that, in the large intestine, 5-HT has a similar effect 


~ on peristalsis as in thesmall intestine, and that the 5-HT releaseis controlled 
by an intrinsic mechanism associated with peristaltic activity but is not 
controlled by the extrinsic nerves. 


I wish to express my cordial thanks to Professor J. H. Burn for the opportunity of working — 
in his department and for his hospitality and to Dr Edith Biilbring for her constant advice 
and encouragement throughout this work. I wish to record my gratitude to Mr O. B. Saxby 
for the construction of apparatus, This work was carried out during the tenure of a scholar- 
ship awarded by the Sino-British Fellowship Trust for which I wish to express my thanks. 
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THE EFFECT OF HORMONES ON THE PHYSICAL 
PROPERTIES AND COLLAGEN CONTENT OF 
THE RAT’S UTERINE CERVIX 


_ By BEULAH M. CULLEN anp R. D. HARKNESS 
From the Department of Physiology, University College London 


(Received 18 November 1959) 


In a previous paper (Harkness & Harkness, 19595) changes in the 
physical properties of the rat’s cervix in pregnancy were described. These 
consisted first of a reorganization of the tissues of the walls of the cervical 
canals to give a larger natural circumference to the connective tissue 
framework, and secondly of a change in the properties of this framework 
which made it behave, not as normally like a continuous network, but 
as one connected by viscous links which slip slowly under comparatively 
low tensions. : 

It seemed of interest to determine whether these changes could be 
produced by hormonal treatment; and the effects of oestradiol, progesterone 
and relaxin individually, and in combination, on the cervix in spayed rats 
have now been investigated. It has been found that an increase in the 
circumference and weight of the cervix up to about the values found on 
the 17-18th day of pregnancy, together with a decrease in concentration 
of collagen similar to that found in pregnancy, can be produced by relaxin 
in combination with oestradiol and progesterone. Some increase in 
extensibility under prolonged loading is also produced. A preliminary 
account of this work has already been published (Cullen & Harkness, | 
1958). 


METHODS 


Animals, The rats used were albinos of the local strain, weighing 150-180 g and about 
3 months old at the time of spaying. Ovaries were removed aseptically by the dorsal route 
under ether anaesthesia, and administration of hormones began about 3 weeks later. 

Treatment. The following substances, all given subcutaneously, were used: 
(2) Oestradiol cyclopentyl-propionate (Depo-Estradiol; Upjohn) in arachis oil. 
(b) Progesterone, either dissolved in ethyl oleate (Progestin; Organon Laboratories) or 
progesterone B.P. in olive oil, any which would not dissolve being suspended by homo- 
genization in a Potter-Elvehjem homogenizer. 
(c) Relaxin powder in 5% (w/w) beeswax in peanut oil (Kroc, Steinetz & Beach, 1959). 
The preparation was ‘ Releasin’ (Warner-Chilcott) : (A) Batch no. W 1164A, lot 53; (B) Batch 
W 1164A, lot 66; (C) Batch W1164A, lot 43. 

All these preparations have been assayed on the mouse and some on the guinea-pig 
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against Warner-Chilcott Relaxin Reference Standard W1164A lot 8 (Std), of activity 150 
guinea-pig units/mg. The figures with 95 % confidence limits (provided by Dr B. G. Steinetz) 
are given in Table 1. 


TABLE 1 
Mouse assay Guinea-pig assay. 
(A) Lot 53 0-2 mg Std/mg (79-127 %) | sia 
(B) Lot 66 0-99 mg Sid/mg (72-140%) © 1-06 mg Std/mg (76-131 %) 
1-06 mg Std/mg (77-130 %) aaa 
(C) Lot 43 0-11 mg Std/mg (51-195 %) 0-21 mg Std/mg (64-157 %) 
0-12 mg Std/mg (71-141 %) 0-26 mg Std/mg (68-147 %) 


0-13 mg Std/mg (81—-124%) 
We have recorded dosage in weight of the reference standard by mouse assay, e.g. for 
(A) 1 mg = 0-2 mg of reference standard. Thus, a dose of 1 mg on this scale is equivalent 
to 150 guinea-pig units. 


Mechanical tests on cervix. The effect of tension on the walls of the cervix was examined 
by the same method as that used previously on rats at different times of pregnancy (Harkness 
& Harkness, 19596), i.e. the excised cervix was suspended in oxygenated Ringer—Locke 
solution and stretched between two parallel steel rods 0-6 mm in diameter, one through each 
canal. Some experiments were done at 22° C, some at 37°C. Two types of test were made. 
a. The force pulling the rods apart was increased stepwise by 25 g every 15sec until the 
tissues ruptured (22° C). 


Inner _— Rods 


circumference 


Wall of — 
cervix 


Fig. 1. Diagram of transverse section of cervix under tension. The bar of tissue 
which separates the two cervical canals and runs between the rods is not represented 
in the figure. 


6, The force pulling the rods apart was kept constant for a time and subsequently increased 
as in (a) until the tissues ruptured (37°C). — | | 

As before (Harkness & Harkness, 1959b) the measurement used to describe the effect of 
tension is the distance round and between the rods (Fig. 1) ana is referred to as the ‘inner 
circumference’. For calculations of tensions per unit cross-sectional area the tissue was 


regarded as if it were a straight piece of this length and constant cross-sectional area, with - 


density of 1 for whole tissue and 1-4 for collagen. The use of this length is not precise, as 
the mean circumference may be as much as 50% higher than the inner circumference and 
there is a corresponding over-estimate of the cross-sectional area. The errors, are, however, 


generally similar in the different groups, and their effect is only to produce small alterations - 
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in the absolute magnitude of the differences between groups. For calculation of breaking 
stress, the mean was taken between the load which broke the tissue and the previous one 
which just did not. Tests of the first sort (a) give length—tension curves of which a typical 
example is shown in Fig. 2. The circumference increased rapidly at first but more slowly as 
the load was increased. Then over a wide range of load the curve became approximately 
a straight line until a little before the point of rupture when the slope usually increased 
again. When the load was taken off between each addition, there was immediate diminution 
in circumference, increasing with load and amounting to 10-15% just before break. This 
effect was much the same in most groups as in normal non-pregnant animals (Harkness & 
Harkness, 19596) and will not be discussed. Only the following parameters of the curves 
were measured: first the circumference (1,) of the cervix at zero load, obtained by extra- 
polation back from the straight part of the curve; secondly, the slope (k) of the linear part 
of the curve of length against tension; thirdly, the conditions at breaking point. 


5 
= 
£ 
0 20 40 60 80 100 120 140 


Tension (g/mm?) 
‘Fig. 2. Example of tha effect of tension on inner circumference of cervix. 


It is clear that in tissues of the same material and shape the cotiatent k is related to size 
of the sample, i.e. to J,, and in order to remove this effect we have recorded k/l, rather than 
k itself. It is also clear that other things being the same, the value of k is related inversely 
. to the amount of material present.which resists stress. Even if one does not know the nature 
of this material, a measure of it may be obtained from the breaking stress. For measurement 
of k, therefore, tension has been expressed in units of breaking tension ( = 1). The value 
of k/l, in these units is the fractional change in length between zero and breaking tension. 

The results of these tests have generally shown variations of k/l, between different treat- 
ment groups which are small and inconsistent compared te differences in /,. The main use 
_ .0f these tests is therefore to give a measure of the size (circumference, /,) of the connective- 
_ tissue framework of the cervix after different treatments. The comparison between these 
is hardly affected if the recording is still further simplified by taking only the single measure- 
ment of circumference at half breaking tension, as was done in the preliminary communica- 
tion (Cullen & Harkness, 1958). 

Smooth muscle does not appear to play any important part in these tests (Harkness & 

Harkness, 19595). 
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In tests of the second sort (b), when a constant load is applied for a long time, it has 
previously been found (Harkness & Harkness, 19596) that the cervix on the last day of 
pregnancy, after an initial rapid extension, shows a slower prolonged increase in length 
at constant rate. This rate was measured by the ratio of the slope (K) of the linear part of 
the curve to the length at zero time (J,) obtained by extrapolation (Fig. 3) and the same 
procedure is used here. K is measured in mm/min. This type of test gives information on 
the properties of a component of the tissues which behaves as a series viscous element. It is 
probable that this is an interfibrillary cementing material, and the prolonged extension 
takes place by the fibrils slipping past each other (Harkness & Harkness, 1959a). The rate 
of this slow extension increases with temperature and the experiments were therefore 
performed at 37° C to make the measurement easier. 


10F 


Inner circumference (mm) 
o 


2 — 
4 
0 20 40 Wy 80 
Time (min) 


Fig. 3. Example of the effect of prolonged loading on cervix. The cervix, from a rat 
. previously treated with oestradiol, progesterone and relaxin (doses, Table 3), — 
was loaded with 100 g weight. 


Chemical methods. Hydroxyproline was estimated by the method of Neuman & Logan 
(1950) on acid hydrolysates (5 ml. 6N-HC!, 4 hr, 40 Ib./sq.in. or 2-8 kg/cm* in autoclave) 
of the whole tissue removed from the apparatus at the end of the experiment. The collagen 
content of the tissue was obtained by multiplying the hydroxyproline value by 7:46. 
A number of blanks were done, in which hydrogen peroxide was omitted, to test for the 
presence in these crude chromogens, other than hydroxyproline, which 


might react with the p-dimethy] Idehyde in the last stage of the estimation. 
No appreciable amounts were found. 


RESULTS 
We began by investigating the time course of change in the cervix after 
administration of oestradiol and progesterone individually and of relaxin 
in combination with oestradiol. Relaxin was not used alone at this stage 
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because it is known to have little effect by itself on the symphysis pubis. 
In these experiments only tests of the first sort (a), in which load was 
increased progressively, were used. On the basis of these experiments 
others using the same type of test were done with combinations of hormones 
given for a standard time. On the results of these experiments others were 
done, again with combinations of hormones given for a standard time, but 
the cervix was tested by the second method (b), with a single load applied 


for a long time. 
a 


Total (mg) 
Circumference (mm) 


50 


30 
13h 
= otal 
> 20 | collagen 
216 
Circumference 
4 
1 
3 
1 2 3 4 
Time (days) 
Fig. 4. Effect of oestradiol on weight, in poriagen content and inner circumference 
of cervix. 5 wg of oestradiol cyclopentyl] te was given on day 0. The 


circumference is that at half breaking esinion. The length of the vertical line 
through each point is twice the standard error of the mean. 


Time course of change under treatment 


Oestradiol. A single dose of oestradiol (5 ug) produced a rapid increase 
in weight of tissue and, like oestrone (Harkness, Harkness & Moralee, 1957), 
a slow increase in the total collagen content of the cervix (Table 2). There 
was a rise in k/l, and in the circumference at breaking point. In later 
experiments the main effect of oestradiol alone was on /,. The principal 
point of interest shown by these preliminary experiments was that the 
total effect on circumference was small, being more like that on collagen 
content than on weight. The relations between the changes in weight and 
collagen content, and the results of the mechanical tests summarized by 
taking circumference at half the breaking tension, are shown in Fig. 4. 
Breaking stress per unit cross-sectional area of tissue decreased to about 


half, but this could be accounted for simply by the fall in concentration 


of collagen resulting from its slow growth compared with the increase in 
27-2 
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weight of the whole tissue. When breaking stress was expressed in terms 
of collagen, in this, as in subsequent experiments, no siboapioney of change 
was found (Table 2). 

Progesterone. A dose of 10 mg/day was used, as this is about the mini- 
mum required to maintain pregnancy after spaying (Alexander & Frazer, 
1954). In the first experiment (Table 2, A) a commercial preparation 
(Progestin), in which 10 mg were dissolved in 0-4 ml. of ethyl-oleate, had 
no effect. In a second experiment (Table 2, B) progesterone homogenized 
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Fig. 5. Summary of effect of oestradiol (0) and relaxin (R) on circumference of 
cervix. This figure summarizes all results for animals treated with oestradiol (0), 
with and without relaxin (R) (Tables 1, 2 and 3). The circumference is that at half 
breaking tension. The estimate of variation shown by the vertical lines is the 
standard error of the mean. Treatment with oestradiol began on day 0, with 
relaxin on day 3. 


in olive oil, partly in solution and partly in suspension, produced a small 
but significant increase in weight of cervix and in lz. 

Relaxin. In the first experiment the animals were previously treated 
with oestradiol and 3 days later given a single dose of 0-5 mg of relaxin (A). 
They were examined 24 hr later and no significant effect was found 
(Table 3, A). The experiment was repeated with twice and four times the , 
original dose of relaxin, again without significant effect (Table 3, B); but 
when administration of relaxin was prolonged (4 days) a significant increase 
in 1, was produced 3, C; 5). 
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Combinations of hormones 
In the next experiment we increased the duration of relaxin treatment 
by a further 2 days and used all three hormones, oestradiol, relaxin and 
progesterone, in all possible combinations. The results are shown in Table 4 
and an analysis of variance on them in Table 5. Both oestradiol and 
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10 


Inner circumference (mm log. scale) 


02 0-4 0-6 08 10 
Tension as fraction of breaking tension 


Fig. 6. The effect of tension on circumference of cervix of rats treated in differen 
ways. Each curve is the mean for all rats in the group. The treatment is given at 
the end of each curve, C = no treatment, O = oestradiol, P = progesterone, 
R = relaxin. The doses are given in Table 3. 


relaxin produced effects. These were (a) an increase in /, and in circum- 
ference at time of rupture (Table 4, cols. 5 and 8), the whole length-tension 
curve being shifted bodily upward without much change in its shape 
(Fig. 6); (6) an increase in the wet weight of the cervix (Table 4, col. 2); 
(c) a diminution in the concentration of collagen (Table 4, col. 4). There is 
also a significant interaction in the statistical sense (Table 5) between 
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oestradiol and relaxin, which means that the combined effect was greater — 
than was to be expected from simple addition of the individual effects, 
relaxin given alone having no significant effect. The largest effect on 
circumference in this experiment was obtained when progesterone was 
combined with oestradiol and relaxin. Though the effect of progesterone 
was not significant statistically at the 5 % level, it appears to be a real one 
as it was found again in later experiments. It will be seen in Table 6 that 
l, obtained by extrapolation to zero time with constant load, like /, in © 
Table 4, is greater in the OPR than in the OR group. The effects of different 
combinations of hormones on /, and 1, are obviously similar (compare 
Tables 4 and 6) and if the results are combined the difference between the 
OR and the OPR groups is significant (0-02 > P > 0-01). 


TABLE 5. Significance of results of Experiment 1 with oestradiol, progesterone 
and relaxin (Table 4) 


Primary effects Interactions 

0 R P PR OP OR OPR 
Weight of cervix 0-001 0-01 
Conen. of collagen 0-001 0-01 

0-001 0-001 — — — 
Circumference at break (mm) 0-001 0-001 — 09001 — 


The figures in the table are values of P in analysis of variance, and are maxima, i.e. P of 
0-05 means 0-05 > P > 0-01, P of 0-01 means 0-01 > P > 0-001. 


Effect of prolonged loading. The tests used in the previous experiments 
were conducted at 22°C with rapidly increasing load. They would be 
expected to bring out any effects of hormones on the dimensions of the 
cervix, but would not give evidence whether any of them would cause the 
tissues to show the prolonged slow extension under low load seen at the 
end of pregnancy (Harkness & Harkness, 19596). We therefore repeated 
the last experiment with the three hormones in all possible combinations 
with the tissues in Locke’s solution at 37° C, maintaining a constant load 
for 1} hr and measuring the rate of increase of the circumference over the 
last half of the period. In Table 6 this slope (K) is recorded as a proportion 
of the circumference at zero time (I,) obtained by extrapolation. In none 
of the groups of animals was there any prolonged extension comparable 
in rate to that seen at the end of pregnancy, nor in a second experiment 
_ (Table 7) did increasing the dose of relaxin eight times produce any increase 
in K/lo, values still being lower than at the end of pregnancy for comparable 
conditions. Increasing the dose of relaxin did, however, increase the value 
of l,. In this second experiment only animals treated with oestradiol and 
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progesterone, with or without relaxin, were used. We have also recorded 
in Table 7 the value J, in the equation | = 1,+a log t, where / is circum- 
ference and ¢ is time (1, unit = 5 sec). This describes fairly well the initial 
effects of loading, and allows the results to be compared with those 
reported previously for normal and pregnant animals (Harkness & Hark- 
ness, 1959). In further experiments in which samples of relaxin of different 
degrees of purity were used and the dosage taken up to 40 times the 
original, some further increase in 1, was found, and a small increase in 
_K/lo, but still not to values as high as at the end of pregnancy (Table 8, 


Fig. 7). 


103 K/I 


* 
(4) 


0 05 
Tension (kg/mm? collagen) for tength Ip 


Fig. 7. Relation between rate of extension under prolonged loading (ordinate, K/l,) 
and tension per unit cross-sectional area of collagen calculated for length 1, 
(abscissa). @ 21st day of pregnancy (from Harkness & Harkness, 1959b) and 
O relaxin-treated, means from Table 7. Dose (mg) and type of relaxin: 1, 0-5 C; 
2,10;3, 1 4; 4,10 0; 5, 0-5 B; 6, 0-5 A; 7, 1B. 


DISCUSSION | 
_ Relation of results to investigation of ‘dilatability’ of cervix | 
_ One method which has been used to investigate the ‘dilatability’ or 
softening of the cervix is to introduce a conical probe into the canal, to 
push it in until resistance is felt and then to record the diameter (de Vaal, 
1946). Crelin (1958) has made this method more quantitative as regards the 
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force exerted by incorporating a spring gauge so that the probe can be 
pushed in with a standard pressure. This type of test is similar in principle 
to our first type (examination of the relation of circumference to tension) 
but the lack of a measure of force or time during which it is applied makes 
the results difficult to interpret with certainty. In particular, it is not 
clear to what extent the activity of smooth muscle affects this test. 
However, it seems probable that the probe would be arrested when the 
tissue had stretched to a circumference which in our experiments would 
lie somewhere near the beginning of the relatively flat part of the length- 
tension curves. Using this method Graham & Dracy (1952), Zarrow, 
Neher, Sikes, Brennan & Bullard (1956), Steinetz, Beach & Kroc (1956) 
and Kroc et al. (1959) have found that relaxin increases the ‘dilatability ’ 
of the cervix in sow, rat and mouse. That relaxin has an effect on the 
cervix must therefore be regarded as clearly established. The smaller 
effect of oestrogen is less clear. Thus Smith & Nalbandov (1958) recorded 
a constriction of the cervical canal by oestrogen in the sow. Such a finding 
with the probe test might be the result of swelling of the inner lining only, 
and it is difficult to distinguish the various possibilities without more 
information on the forces used and time for which they acted. A number © 
of observations on the effects of relaxin on the human cervix are recorded 
in the literature but the results have been so variable that it seems prema- 
ture to discuss the subject. It is worth while to point out that in some of 
the experiments in which no effect was found only short periods of treat- 
ment (hours) were used. Experiments on animals indicate that much 
longer treatment is needed to produce effects. 


Nature of effect of hormones on the cervix 


The effect of oestradiol alone was to increase the weight of the cervix 
to about the normal non-pregnant level. ‘The total quantity of collagen in 
the cervix increased proportionately less than weight so that concentration 
fell. This confirms previous results with oestrone (Harkness et al. 1957). 
The principal effect of oestradiol; shown in physical tests, was to cause 
an increase in the circumference of the collagenous framework, and this 
resembled the change in total collagen in that it was less extensive and 
took place more slowly than increase in weight. Thus the increase in total 
collagen content and in circumference appear to be related in both extent 
and time course. This suggests that both changes have a common origin 
in simple growth in size of the connective-tissue framework without 
change in its shape. Circumference is a linear dimension and should 
increase as the cube root of the total amount of tissue concerned if there 
is no change in shape. For animals other than those treated with relaxin 
combined with oestradiol, the circumference is, in fact, approximately 
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proportional to the cube root of the total collagen content (Fig. 8). We 
may conclude then that in these animals increase in circumference is to 
be accounted for by growth of the collagenous framework without change 
in shape. This conclusion, however, does not apply to the relaxin-treated 
(oestrogen-primed) animals, which show an increase in circumference with 
little increase in total collagen above the value found with oestradiol 
alone (Tables 4 and 6, Fig. 8). We may conclude that relaxin produces a 
change in the shape of the collagenous framework. In addition, it can 
increase the extensibility of the framework under prolonged loading. 


£ 
5 
2 
10 12 1-4 146 18 


Cube root of total collagen in cervix (mg) 


Fig. 8. Relation between inner circumference and total collagen content of horns. 

~ @, animals treated with oestradiol and relaxin with or without progesterone; 
O, other treatments, the dotted line going through the mean of abscissal and 
ordinate value for these, and having siope Snsetcn for value of ordinate to be 
proportional to that of abscissa. 


Comparison of the effect of relaxin on vhe cervix with changes found in 
pregnancy. During pregnancy in the rat the cervix becomes heavier in 
weight and its total collagen content is increased by about a half though 
the concentration is reduced (Harkness & Harkness, 19596). The circum- 
ference of the connective-tissue framework also becomes greater and this 
is not accounted for by simple growth but involves change in shape. In 
addition to these changes there is an increase in the extensibility of the 
framework under prolonged loading (Harkness & Harkness, 19596). All 
these changes can be produced by relaxin, though we have not so far found 
the latter to cause changes as great as those found at the end of pregnancy. 
The tests made on cervices of pregnant animals are not all exactly the 
same as those carried out in the present investigation, but a close enough 
comparison can be made to enable one to say that the maximum increase 
in circumference found in the present series of experiments corresponded 
to the value at about the 17—18th day of pregnancy. Kroc et al. (1959) 
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also found maximum values of circumference by the probe method to 
correspond with the values obtained by the same method at this time of 
- pregnancy. It is impossible to say yet whether the inability of relaxin so 
far to reproduce the complete changes found in pregnancy in the cervix is 
“the result of inadequate dosage or because other hormones are involved. 
That other hormones are involved is suggested by the fact that Kroc e¢ al. 
(1959) found that relaxin given to rats oophorectomized in pregnancy 
would prevent fall in circumference of the cervix (probe method) and allow 
it to develop to the size found normally at the end of pregnancy. Factors 
other than relaxin appear to be of relatively greater importance in mice 
than in rats in producing the increase in the circumference of the cervix 
found by the probe test in pregnancy (Steinetz et al. 1956; Kroc et al. 1959). 


Comparison of effects of relaxin on cervix and symphysis pubis 
In the rat the symphysis pubis is scarcely affected by pregnancy or 
relaxin, so far as is known. In other animals, e.g. guinea-pig, two sorts of 
changes can be produced. The first is an oedematous swelling of the tissue 
which is detectable within a few hours of the time of administration 


(Abramowitz, Money, Zarrow, Talmage, Kleinholz & Hisaw, 1944; Zarrow — 


& Money, 1948), but we did not find any evidence of such a rapid change 
in the cervix. The second change produced by more prolonged administra- 
tion is a slow reorganization of the tissues of the symphysis in which bone 
and cartilage are absorbed and replaced by loose connective tissue, so that 
the originally short and compact structure is replaced by a long, loose 
ligament between the bone ends, which become widely separated. The 
changes in the cervix which we have investigated also take place slowly 
and clearly involve considerable reorganization of the tissue. For the 
actions of relaxin both on the symphysis and on the cervix, previous 
treatment with oestrogen is needed, relaxin alone having no effect. 
Whether the same component of the relaxin preparation affects the 
cervix as the symphysis cannot be stated for certain. However, in our 


experiments with preparations of different potency by assay on the sym- 


physis their potency correlated well with their effect on the circumference 
of the cervix. Our results are therefore compatible with the hypothesis 
that the same component of the preparation produces both effects. 


SUMMARY 


1. The effect has been studied of previous treatment of spayed rats 
with oestradiol, progesterone and relaxin, individually and in combination, 


on the reaction of the excised cervix to tension, the tissues being extended 


under load between two parallel rods, one inserted through each cervical 
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canal. The differences between animals, detected by these tests, were 
(a) in the circumference of the connective-tissue framework and (6) in the 
extensibility of the framework under prolonged loading. 

2. Oestradiol (10 ug cyclopentyl-propionate) caused an increase in the 

circumference of the cervix to approximately the normal non-pregnant 
“  Jevel. This effect could be accounted for by simple growth of the whole 
| cervix without change of shape. 
3. Relaxin in beeswax and oil given to rats previously primed with 
) oestradiol caused a further increase in circumference of the cervix which 
could not be accounted for by simple growth, but appeared to involve 
change in the shape of the collagenous framework. Relaxin also caused 
; some increase in the extensibility of the cervix under prolonged loading. 
The changes produced resemble those found in pregnancy but were not 
as great as at the end of the latter. The maximum circumference corre- 
' sponded to that found on 17-18th day of pregnancy. Relaxin caused a 
reduction in concentration of collagen in the tissue by an increase of material 
other than collagen and this effect also is eatin to that found in 
pregnancy. 

4. To produce changes of the type investigated the action of hormones 
for several days at least was required. 


We are grateful to the Medical Research Council for a grant towards this work, to Miss 
Shirley Fitch for her skilled technical assistance, and to Dr R. L. Kroc of the Warner— 
Lambert Research Institute for the samples of relaxin used. 
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THE INFLUENCE OF PRE- AND POST-GANGLIONIC SECTION 
OF THE CERVICAL SYMPATHETIC ON THE INTRAOCULAR 
PRESSURE OF RABBITS AND CATS 


By M. E. LANGHAM#* anp C. B. TAYLOR 


From the Medical Research Council Ophthalmological Research Unit, 
Institute of Ophthalmology, Judd Street, London, W.C.1 — 


(Received 2 December 1959) 


In the majority of previous studies on the reaction of the intraocular 
pressure to cervical sympathotomy, observations have been confined to 


manometric records of the pressure changes that occur immediately after 


the operation. The results of these short-term studies have been conflicting. 
Thus preganglionic section of the cervical sympathetic in rabbits has been 
reported to cause a fall in pressure (Wegner, 1866), no change in pressure 
(von Hippel & Gruenhagen, 1870) and to give results varying in one series 
from a slight fall to a slight increase (Greaves & Perkins, 1952) and in another 
series from no change to a striking rise in pressure (Davson & Matchett, 
1951). 


Tonometric studies in which the pressure in the eye has been recorded 


over longer experimental periods have yielded more consistent results. 


Hertel (1900) found that excision of the superior cervical ganglion of 
rabbits had no immediate effect on the intraocular pressure, but that 
after 1 hr the pressure on the operated side was reduced. Further tono- 
metric observations showed that the pressure remained below normal for 


_ 3-4 days. Confirmation of this prolonged fall in pressure after ganglion- 


ectomy has recently been reported by Linner & Prijot (1955) and Lieb, — 


‘) Guerry & Ellis (1958). In a further study, Linner & Prijot (1957) found 


no change in the intraocular pressure 24 hr after preganglionic cervical 
sympathotomy. This striking difference between the effects of pre- and 
post-ganglionic section of the sympathetic was not, however, found in 
similar tonometric studies on cats (Jaffe, 1948); in these experiments both 
removal of the superior cervical ganglion and section of the preganglionic 
fibres caused a fall in the intraocular pressure. lasting several days. 

It is the purpose of this study to establish, by means of an accurate 


manometric technique, the time course of the changes in intraocular 


* Present address: The Wilmer Institute, The Johns Hopkins Hospital and University, 
Baltimore 5, Maryland, U.S.A. 
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| pressure following pre- and post-ganglionic section of the cervical sympa- 


thetic nerves in rabbits and cats. This was essential before the mechanisms 
underlying the pressure changes could be investigated (Langham & 


Taylor, 1959, 1960). 
METHODS: 

Adult rabbits (New Zealand white, weighing 2-3 kg) and cats (2-5 kg) of both sexes were 
used in these studies. 

The intraocular and blood pressures were measured manometrically by the method 
described by Langham (1959) using Sanborn 267 B transducers, 150-1100 carrier pre- 
amplifiers and a 150M rectilinear multichannel pen recorder. All manometric measurements 
were made on animals anaesthetized with a 25% solution of urethane in NaCl solution 
0-9 % (w/v) (1-2-1-7 g urethane/kg body wt.). No local anaesthesia was employed. The time 
which elapsed between the cannulation of the two eyes was less than 3 min and a further 
10-15 min was allowed for equilibration before readings of the two intraocular pressures 
were taken. 

18 


o 


Tonometer scale reading 


Closed stopcock pressure (mm Hg) 

Fig. 1. Calibration of a standard Schiotz tonometer (7:5 g wt.) on a group of 16 

rabbit eyes (@); each point indicates the arithmetic mean + its standard error. 

For comparison, the 1954 calibration scale for a standard Schiotz tonometer 

(7-5 g wt.) on human eyes is included (©) (Friedenwald, 1954). 


The intraocular pressure of conscious animals was determined by using a standard 
Schiotz tonometer (Dixey, London) weighted with 7:5 g. Rabbits were placed in canvas 
to restrain their movements and after instillation of 1-2 drops of a solution of ametho- 
caine 1-0 % (w/v) the tonometric readings were taken with the animal held on its side. The 
readings were converted to units of pressure by means of the calibration curve shown in 
Fig. 1. This was constructed from ‘closed stopcock’ manometric calibrations of sixteen dead 
rabbits’ eyes in situ. The term ‘closed stopcock’ indicates that after the eye had been 
equilibrated at a known pressure the stopcock connecting the cannulated eye with the 
manometer was closed and a tonometric reading was then made (Perkins & Gloster, 1957). 
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Section of the preganglionic cervical sympathetic nerve and extirpation of the superior 
cervical ganglion was carried out on animals anaesthetized with pentobarbitone sodium 
(60 mg/kg) given intravenously, except in those animals in which intraocular pressure was 
to be measured either immediately or within 1 hr of the operation, In the latter urethane 
anaesthesia was used throughout the whole experiment. Section of the nerve was made 
4-5 cm proximal to the ganglion. 

The protein content of the aqueous humour was estimated semi-quantitati vely by the 
addition of an equal volume of an 8 % solution of Sitadenaiaabih i ‘aid. Samples of normal 
aqueous humour of rabbits give a very faint turbidity under these conditions (10-40 mg 
protein/100 ml.). The aqueous humour of cats gives barely perceptible to slight turbidity 
(2-15 mg/100 ml.). In the present experiments the turbidity ranged from normal through 
moderate (40-100 mg/100 ml.) to actual flocculation (greater than 100-200 mg/100 ml.), 
and these three stages have been classified as +, ++, and +++ respectively. 


RESULTS 


heutmiirie studves. The. effects of both preganglionic section and gan- 
glionectomy on intraocular pressure have been studied tonometrically 
(Fig. 2). In these experiments measurements of intraocular pressure were 
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Fig. 2. The effect of unilateral section of the cervical sympathetic nerve (A) and 
superior cervical ganglionectomy (B) on intraocular pressure, measured tono- 
metrically in rabbits. @, mean pressure in the control eyes; O, mean pressure 
in the sympathotomized eyes. The vertical lines represent one standard error 
above and below each point. The number of animals observed at each time is given 
in brackets. The pressures shown at zero time are those found immediately before 
sympathotomy. 
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not made until 24 hr after the operation, since preliminary studies had 
shown that repeated tonometry caused a striking rise in the protein content 


of the aqueous humour. 
Of the nine rabbits in which unilateral preganglionic section of the 


cervical sympathetic was carried out, only one gave a fall in intraocular | 


pressure on the operated side 24 hr after the operation. The mean values 
for the series show that there is no significant difference between the 
pressures in the two eyes during the 4 days following the sympathotomy 
(Fig. 2A). 

TABLE 1. The immediate effect of pre- and post-ganglionic section of the cervical sympathetic 


on the intraocular pressure of rabbit (R) and cat (C) eyes. Symp., sympathetic section; 
G., ganglionectomy 


Intraocular pressure (mm Hg) Mean B.P. (mm Hg) 
Time after operation (min)... 0 2 10 0 10 
Operation 
Symp. (R) 20-0 20-0 95 90 
Symp. (R) 22-0 22-0 22-0 ae 100 
Symp. (R) 20-0 22-0 21-0 110 100 
Symp. (R) 13-0 12-5 11-5 50 50 
G. (R) 24-0 25-0 24-0 90 90 
G. (R) 20-0 24-0 25-0 100 105 
G. (R) 21-5 24-0 23-0 100 100 
Symp. (C) 20-0 20-0 20-0 115 115 
Symp. (C) 28-0 26-0 26-0 140 140 
Symp. (C) 24-0 24-0 24-0 130 130 
Symp. (C) 17-0 19-0 17-0 95 95 
Symp. (C) 22°5 24-0 23-0 120 123 
G. (C) 24-0 25-0 35-0 110 110 
G. (C) 24 0 24 0 24-0 130 130 
G. (C) 170 ”. 19-0 17-0 95 95 
G. (C) 19-0 20:0 21-0 95 95 


It is clear from Fig. 2B that 24 hr after excision of the superior cervical 
ganglion the intraocular pressure on the operated side (16-0 + 0-7 mm Hg, 
19 eyes) is considerably less than that on the control side (21-3 + 0-6 mm Hg, 
19 eyes). The results also suggest that there is a small fall in intraocular 


' pressure in the control eye 24 hr after ganglionectomy. The value found here 


for intraocular pressure on the operated side at 24 hr is higher than that 
reported by Linner & Prijot (1957), and Lieb et al. (1958) in their tono- 
graphic studies, but is in very good agreement with the results of our 
manometric experiments. However, in agreement with these authors, it 
was found that the pressure in the operated eyes returned to normal by 
the third or fourth day. : 

Manometric studies. The results of pressure measurements taken at 
different time intervals after both preganglionic section and ganglionectomy 
in rabbits and cats are given in ‘Tables 1 to 5. : 

The immediate reaction of the eye to these operations varied in both 
species and is illustrated by the manometric records of two typical 
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experiments shown in Figs. 3 and 4. In some animals the pressure in the 
eye gradually fell, but in others a sustained rise in pressure took place. 
The magnitude of these pressure changes was, however, with one exception 
small (less than 5 mm Hg) and of a transient character, for the pressures in 
all eyes began to return towards the initial values within 20 min. In the 
remaining animals no change took place after nerve section or ganglion- 
ectomy (see Table 1). In four experiments in which the pressures in the 
two eyes were measured during unilateral ganglionectomy no pressure 
change occurred in the contralateral eye. 


Taste 2, The intraocular pressures of control (C) and experimental (HZ) eyes of rabbits 
measured manometrically after unilateral extirpation of the superior cervical ganglion. 
For explanation of protein scale see Methods 


E 
Time AW A 
after Intraocular Intraocular 
operation pressure pressure B.P. 
(hr) (mm Hg) Protein (mm Hg) Protein (mm Hg) 
1 23-0 + 215 + + 115 
1 18-0 + 18-0 ++ 110 
1 21°5 19-0 130 
1 16-0 + + 14+5 ++ 100 
1 22-0 + 21-0 + 105 
1 23-0 + 22-0 ++ 125 
6 22-0 + 22-0 + 115 
6 18-5 + 17-0 ++ + 120 
6 20-0 + 17-5 ++ 125 
6 19-0 18-0 105 
24 23-0 17-0 110 
24 21-5 12-5 110 
24 20-0 18-0 105 
24 19-5 + 14-5 + + 115 
24 22-0 + 16-5 + 110 
24 24-0 17°5 120 
24 21-0 — 14-0 = 120 
24 22-0 18-0 + 110 
24 22-0 + 16-0 + 130 


TABLE 3. The intraocular pressures measured manometrically and protein content of control 
(C) and experimental (Z) eyes of rabbits after unilateral preganglionic cervical sympathotomy 


C E 
after Intraocular Intraocular 
operation pressure pressure B.P. 
hr) (mm Hg) Protein (mm Hg) Protein (mm Hg) 
19-5 + 17-5 ++ 
1 13-0 + 12-5 + + 
1 18-0 + 15-0 + set 
6 17-5 + + 
6 21-0 + 19-0 ++ 
6 22-0 + 22-0 +++ se 
6 17-0 + ++ 
24 20-5 + 20-5 +.+ 115 
24 20-0 + 20-0 + 110 
24 22:5 + 22-0 + 120 
24 21-0 + 22-0 + + 130 
24 20-0 + 20-0 + + 115 
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These results differ from the observations of Davson & Matchett (1951), 
who found rapid and moderately large increases in pressure (greater than 
5-10 mm Hg) in 26 out of 49 rabbits after preganglionic sympathotomy. 
Unfortunately no details are given in their paper of the initial pressures 
and it is difficult to decide in what way their experiments differed from 
those described in this paper. However, it is evident that the intraocular 
pressures of some of their animals were not normal, for in Figs. 3, 4, 5 and 6 


Intracolular pressure (mm Hg) 


0 1 2 3 4 5 6 
Time (min) 


Fig. 3. The effect of preganglionic section of the cervical sympathetic nerve on 
the intraocular pressure (lower record) of an adult cat (4:4 kg) anaesthetized with 
urethane. The nerve was cut at ¢ = 0 min. The femoral blood pressure is shown 
in the upper trace. 


of their paper the initial pressures of pairs of eyes were (left/right) 35/19, 
24/12, 18/7, 19/14 cm H,O. This contrasts with the findings in this and 
other recent studies that the pressures in the two eyes of a pair are equal, 
rarely differing by more than 2mm, and that the normal intraocular 
pressure in the rabbit is approximately 20 mm Hg (Langham, 1959). 
After unilateral extirpation of the ganglion in rabbits the mean differences 
in the intraocular pressures of pairs of eyes (control—operated) at 1, 6 and 
24 hr were 1:25+0°33, 1-25+0-52 and 5-66 + 0-65 mm Hg. In contrast, 
there was no significant mean difference in the intraocular pressure of pairs 
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of eyes at 1, 6 and 24 hr after preganglionic cervical sympathotomy. The 
fall in pressure after ganglionectomy was confined to the operated side, for 
the mean pressure in the control eyes did not differ from normal. These 
observations are in general agreement with the findings of Linner & Prijot 
(1955, 1957) that 24 hr after ganglionectomy the pressure on the operated 
side was significantly lower than in the control eye. However, the mean 
fall in pressure of 6 mm Hg was less than the values of 10-2 and 15-4 mm Hg 

reported, respectively, by sepsis & Prijot (1955) and Lieb et al. (1958) 
using tonometry. 
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Fig. 4. The effect of excision of the superior cervical ganglion on the intraocular 
pressure of a cat (wt. 4kg) anaesthetized with urethane. The ganglion was 
exposed before recording the initial intraocular pressure and was excised at 
t = 0 min. 


The results of similar experiments on cats are recorded in Tables 4 and 5. 
Preganglionic section of the nerve caused no sustained effect on the intra- 
ocular pressure, but extirpation of the ganglion caused either a rise or a fall 
in pressure. These results differ from the tonometric observations of Jaffe 
(1948) that in cats both pre- and post-ganglionic section of the cervical 
sympathetic nerve caused a sustained fall in pressure. 

In a number of these experiments the aqueous humours of the experi- 
mental and control eyes were withdrawn and the protein contents deter- 
mined semi-quantitatively. The results of these analyses indicated that 
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both pre- and post-ganglionic section sometimes caused an increased 
concentration of protein in the aqueous humour, but there was no correla- 
tion between the protein content and the pressure change in the eye. 


Taste 4. The intraocular pressure measured manometrically and the protein content of 
control (C) and experimental (Z) eyes of cats after unilateral extirpation of the superior 
cervical ganglion 


C E 
after Intraocular Intraocular 


tio ressure pressure B.P. 
(mmHg) Protein (mmHg) Protein (mm Hg) 


1 19 + 21 +++ 100 
1 16-5 ++ 17-5 +++ 115 
1 23-0 20-0 120 
a 16-0 sie 19-0 a 105 
1 20-5 + 18-5 ++ 95 
24 141 at 8-6 ++ 100 
24 40-0 ++ 45-0 ++ 210 
24 15-0 ++ 23 + 135 
24 23-0 20-0 120 
24 16-0 19-0 105 
24 ++ 95 


TaBLe 5. The intraocular pressures and protein content of control (C) and experimental (Z) 
eyes of adult cats after unilateral preganglionic cervical sympathotomy 


C E 
after Intraocular Intraocular 
operation pressure pressure BP. 
(hr) (mm Hg) Protein (mm Hg) Protein (mm Hg) 
1 25-0 + 25-0 re 130 
1 24-0 + 24-0 + 100 
6 17-0 ++ 17-0 4 
6 18-0 + 20-0 
24 22-0 + 22-0 + 120 
24 21-0 — 21-0 — 110 
24 19-5 on 19-5 + + 150 
24 21-0 + 22-0 ++ 120 
DISCUSSION 


In agreement with previous investigators we have found that the 
immediate effects of pre- and post-ganglionic section of the cervical 
sympathetic nerve on intraocular pressure are very variable. This is 
probably due to the variation from animal to animal in the relative valucs 
of sympathetic tone in different parts of the eye. The immediate response 
of intraocular pressure to sympathotomy is the sum of two opposing effects. 
First, denervation causes loss of tone in the extraocular smooth muscle 
and therefore tends to reduce intraocular pressure, and secondly denervation 
- of the blood vessels with consequent vasodilatation increases the volume 
of fluid within the eye and tends to raise intraocular pressure. The results 

of the interplay of these two factors will vary with the level of sympathetic 
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tone and also with the ocular rigidity of the individual rabbits. Further- 


more, since the sympathetic tone may vary with the experimental con- 

ditions, e.g. anaesthetic and ambient temperature, this may to some 
extent explain why different workers have obtained such conflicting results 
from apparently identical experiments. In view of this dependence of 
response upon the state of the eye, it is desirable but difficult to demon- 
strate that the eyes are in good physiological condition. In the manometric 
experiments carried out here on rabbits and cats there is remarkable 
consistency in the values for intraocular pressure in the control eyes. 
Ninety per cent of the values lie between 16 and 25 mm Hg. In addition, 
the close quantitative agreement between the results obtained by mano- 
metry and tonometry gives further support to the validity of these 
experiments. 

The changes in pressure 1, 6 and 24hr after section of the cervical 
sympathetic nerve were more consistent. This was to be expected, since 
any pressure changes resulting from alterations in the blood content of 
the eye or in extraocular muscle tone would be transient, being rapidly 
compensated for by a. corresponding increase or decrease in the rate of 
drainage of aqueous humour. This means that the pressure changes 
observed when sufficient time has been allowed after sympathotomy for 
the eye to reach equilibrium, reflect principally, if not completely, altera- 


_ tions in the rate of aqueous humour formation and resistance to outflow. 


The maximal pressure change of 6 mm Hg observed 24 hr after extirpa- 
tion of the superior cervical ganglion in rabbits is significantly smaller 
than those reported by Linner & Prijot (1957) and Lieb et al. (1958). 
Both these groups of investigators reported that the intraocular pressure 
fell to within 1-2 mm Hg of the episcleral venous pressure. The discrepancy 
between these results and the present findings may well be due to the use 
of different anaesthetics and different methods for the measurement of 
the intraocular pressure. : 

The observations that the steady-state intraocular pressure in cats and 
rabbits was not modified after preganglionic sympathotomy, but underwent 
significant changes after extirpation of the ganglion, remain to be explained. 
The pressures recorded 1 hr after pre- and post-ganglionic section of the 
nerve did not differ significantly and suggest that the immediate effects of 
these operations on the eye are similar. However, the fact that the pressure 
in the eyes of the ganglionectomized rabbits continued to fall slowly and 
at 6 hr was only 50% towards the change observed at 24 hr indicates that 
ganglionectomy led to a slowly developing effect on the intraocular 
dynamics. The nature of this change remains to be clarified. 
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SUMMARY 


1. The intraocular pressure of rabbits and cats has been measured after 
pre- and post-ganglionic section of the cervical sympathetic nerve. 

2. The immediate effect of these operations on the intraocular pressure 
varied but was transient, and the pressure difference between pairs of 
eyes 1 hour later did not exceed 2-3 mm Hg. 

3. Preganglionic section caused no sustained effect on the intraocular 
pressure of rabbits or cats. Extirpation of the superior cervical ganglion 
in rabbits caused a slow fall in the steady-state pressure in the eye and this 
reached a maximum after approximately 24 hours. The pressure returned 
to normal within 3—4 days. In cats the effect of extirpation of the superior 
cervical ganglion, measured 1, 6 and 24 hours after the operation, was 
variable. 

4, The significance of these results is discussed with reference to intra- 
ocular dynamics. 

The authors wish to acknowledge their thanks to Sir Stewart. Duke-Elder for his interest 
in this paper and to the Medical Research Council for defraying the cost of this study. We 


also wish to thank the Council to Combat Blindness, Inc., New York City, for a grant-in-aid 
_ towards buying part of the equipment used in this study. 
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THE INFLUENCE OF SUPERIOR CERVICAL GANGLION- 
ECTOMY ON INTRAOCULAR DYNAMICS 


By M. E. LANGHAM* anp C. B. TAYLOR 


From the Medical Research Council Ophthalmological Research Unit, 
Institute of Ophthalmology, Judd Street, London, W.C. 1 : 


(Received 29 February 1960) 


It is now well established that 24 hr after unilateral excision of the 
superior cervical ganglion in rabbits, the intraocular pressure on the 
operated side is reduced and that the pressure returns to normal by the 
third or fourth day (Hertel, 1900; Linner & Prijot, 1955; Lieb, Guerry & 
Ellis, 1958; Langham & Taylor, 1960). Since this is a change t in the steady- 
state pressure it must be explained in terms of the three factors which 
govern intraocular pressure at equilibrium, namely rate of formation of 
aqueous humour, resistance to outflow and venous pressure. Linner & 
Prijot, and Lieb et al. have concluded from their tonographic studies 
that the observed fall in intraocular pressure is due to a marked decrease 
in the rate of formation of aqueous humour. In this paper more direct 
methods of measuring formation and resistance have been applied to 
this problem and our results indicate that 24 hr after ganglionectomy 
aqueous humour formation is normal and that the primary cause of the 
fall in intraocular pressure is decreased resistance to outflow. A preliminary 
report of this work has been published (Langham & Taylor, 1959). 


METHODS 


Adult rabbits of the New Zealand White strain, weighing between 2-0 and 3-0 kg, were 
used throughout this study. 

Excision of the superior cervical ganglion was carried out under pentobarbitone sadium 
anaesthesia (60 mg/kg), care being taken to expose the whole ganglion before excision to 
ensure complete ganglionectomy. 

Intraocular pressure was measured manometrically with Sanborn 267B pressure trans- 
ducers in conjunction with a Sanborn 150M rectilinear pen recorder. The technique for 
studying the effect of infusion of fluid into the anterior chamber on steady-state pressure 
has been reported by Langham (1959). 

Fluorescein was estimated in the aqueous humour of the anterior chamber by the con- 
tinuous fluorophotometric method described by Langham & Wybar (1954). This permits 
the accurate and continuous determination of the fluorescein concentration in both eyes 
throwgnews the course of the experiment without disturbing the physiology of the eye. The 
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total concentration of fluorescein in the plasma was determined photometrically by means 
of the absorption at 435 mp exhibited by fluorescein after treatment with concentrated 
hydrochloric acid. The concentration of free fluorescein was read from a conversion curve 
constructed from the results of a dialysis study of the binding of fluorescein by plasma. 

The ascorbate concentration in the aqueous humour was estimated by the method of 
Mindlin & Butler (1938), the samples being deproteinized by centrifugation after the 
addition of an equal volume of 8 % trichloroacetic acid. When it was necessary to saturate 
the animals with ascorbate, the schedule of intravenous and subcutaneous injections 
recommended by Becker (1956) was adopted. This gave a steady plasma level of 13-16 mg/ 
100 ml. for several hours. 

Measurement of aqueous flow. Flow of aqueous humour was estimated with fluorescein as 
test substance by a method similar in principle to that used by Goldmann (1950). An ideal 
test substance would be one which could be introduced into the aqueous humour under 
physiological conditions, the molecule of which would be large enough to preclude appreci- 
able diffusion into the blood and adjacent tissues and yet not large enough to impede its 
free passage from the anterior chamber by bulk flow through the drainage channels. The 
transfer constant for the exit of such a substance from the anterior chamber (k,,,) would 
be equal to the transfer constant for the loss of fluid from the anterior chamber by bulk 
flow (kgow): Fluorescein being a substance of intermediate molecular weight approximates 
to these conditions and it will be shown that limits may be set to its deviation from this ideal 
behaviour. 

A single intravenous injection of fluorescein (0-5 ml. 10% solution of the sodium salt) 
was administered to the rabbit under light pentobarbitone sodium anaesthesia. Frequent 
samples of blood were taken from a cannula in the femoral artery and the concentration 
of free fluorescein was determined. Frequent readings were also made of the concentration of 
fluorescein in the anterior chambers of both eyes during the course of the experiments which 
were continued for 2-5 to 3-5 hr. Since fluorescein enters the eye relatively slowly and since 
it is rapidly cleared from the plasma, the concentration in the aqueous humour passes 
through a maximum, usually between 30 and 60 min after the injection. 

It is assumed that fluorescein enters the aqueous humour according to equation 1. 
where C, and C, are the concentrations of free fluorescein in the anterior chamber and the 
plasma, respectively, and where k,, and k,,, are the transfer constants for the passage of 
fluorescein into and out of the anterior chamber. Equation 2 is derived from equation 1: 


CO, = (2) 
where the equilibrium constant 
| (=) 
r (3) 


For each éye the curve of the aqueous humour concentration against time found experi- 
mentally is fitted with respect to the unknown constants k,,, and r, by means of equation 2 
and the plasma fluorescein concentration curve. This is practicable, since the shape of the 
theoretical curves obtained in this way is sensitive to changes in k,,, and since r merely 
alters the vertical axis. Figure 1 shows a typical fit and demonstrates the point just men- 
tioned. This procedure yields k,,, for each eye. | 

ky, has two components, since fluorescein may leave the anterior chamber either by bulk 
flow or by diffusion. Therefore 3 

= Kaow + kate (4) 
where ky is the transfer constant for diffusion between the anterior chamber and the 
plasma. For a given value of kyu, kgoy Will be greatest when kag i8 zero; i.e. 
ba € (5) 
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The greatest value which kyq may attain is k,,, since under these conditions entry of fluores- 
cein into the anterior chamber would be entirely by diffusion. 


Therefore (6) 
and since | Kin = 1. Keats (7) 
Keow > Kou (1—1). (8) 


The results have consequently been expressed in maximum and minimum values according 
to equations 5 and 8. 

This mathematical derivation of aqueous flow is based upon the currently accepted 
theory of aqueous humour dynamics and it is implicit in this treatment that transport of 
fluorescein and water out of the aqueous humour is passive. No such assumption is made 
for transport into the aqueous humour, so that the equations are equally valid whether 
this transport is passive or otherwise. 
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Fig. 1. A typical example of the way in which the observed values for the concentra- 
tion of fluorescein in the anterior chamber are fitted with respect to k,,, and r 
by means of the plasma concentration curve and equation 2. The experimental 
points are those for the ganglionectomized eye in Experiment 1, Table 1. A shows 
the effect of varying the equilibrium constant r when k,,, is constant; B shows 
the effect of varying k,,, when r is constant. 


| RESULTS 

Effects of acetazoleamide. The aim of these experiments was to determine 
the effect of acetazoleamide on the intraocular pressure and the outflow 
pressure (intraocular pressure-episcleral venous pressure) in the two eyes 
of individual animals 24 hr after unilateral ganglionectomy. The episcleral 
venous pressure has a mean value of 9 mm Hg in rabbits (Kornbluth & 
Linner, 1955) and is unaffected by either superior cervical ganglionectomy 
(Linner & Prijot, 1955) or acetazoleamide (Linner, 1956). 
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Table 1 summarizes the effects of an intravenous dose of acetazole- 
amide on the intraocular pressure of control and experimental eyes 24 hr 
after unilateral ganglionectomy. It is seen that the initial pressures 
(13-5-19-5 mm Hg) in the experimental eyes are significantly below 
normal (20-22 mm Hg) and that acetazoleamide reduces the pressure still 
further. The mean fall in the outflow pressure in the control and experi- 
mental eyes was 33:5+2-4% (5) and 44:0+3:0% (5), respectively. 
Figure 2 shows the result of a typical experiment and also demonstrates 
the increased intraocular pulse beat seen in the eye on the ganglionecto- 
mized side. 


Taste 1. The effect of acetazoleamide (25 mg/kg) injected intravenously on the intra- 
ocular pressure of control and experimental eyes 24 hr after unilateral extirpation of the 
superior cervical ganglion. The drug was given at time 0 


Control eye pressure Experimental eye pressure 


(mm Hg) (mm Hg) 
A A Mean B.P. 
0 min 15 min 0 min 15 min (mm Hg) 
21 17 13-5 11-0 114 
23 16 13 110 
21°5 17-5 15 12-5 130 
23-0 20-0 19-5 16 90 . 
20-0 16-0 15 12-5 120 


Rate of flow of aqueous humour. In six experiments the rate of flow of 
aqueous humour in the two eyes was measured simultaneously 24 hr after 
unilateral ganglionectomy. The results are shown in Table 2. Both maxi- 
mum and minimum values for kg, are given. It is clear that there is no 
significant difference between the values for the control and sympathoto- 
mized eyes, whether the maximum or minimum values are considered. 
The estimate of k,,,, in the control eyes, 0-0133—0-0116 min, is in good 
agreement with that currently accepted for the rabbit (Kinsey & Barany, 
1949). 

The equilibrium ratio r is higher on the operated than on the normal 
side by a factor of 1-7. This is the consequence of the increased perme- 
ability of the blood—aqueous barrier, a well known result of sympathotomy. 

Perfusion studies. In order to obtain more direct evidence on the effect 
of ganglionectomy on the system draining aqueous humour from the eye, 
a series of infusion experiments was carried out. In these, physiological! 


saline was infused into the anterior chamber at a known rate, and the new 


equilibrium pressure attained under this infusion was determined mano- 
metrically. Several measurements of this kind were made on each eye at 
different infusion rates and the equilibrium pressures were plotted against 
the corresponding rates of infusion. 

Six infusion studies were carried out in this way and the results of four 
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B.P..(mm Hg) 


Intraocular pressure (mm Hg) 


Time (min) | 


Fig. 2. The influence of an intravenous injection of acetazoleamide (25 mg/kg) 
at ¢ = 0 min on the intraocular pressure of a rabbit 24 hr after unilateral excision 
of the superior cervical ganglion. Observations on the control and experimental 
eyes are shown in the middle and bottom records, respectively. 


TaBLE 2. The outflow constant (k,,,) and the equilibrium constant (r) for fluorescein in the 
denervated and control eyes 24 hr after unilateral ganglionectomy in rabbits. k,,, and 


kou,(1—r) give respectively the maximum and minimum estimates of Kpow « See equations 
5 and 8 


- Ganglionectomized eye Control eye Kout Tatio 
Expt. No, out r Kout r Control 
1 0-0150 0-250 0-0175 0-173. 0-86 
2 0-0140 0-079 0-0115 0-065 1-22 
3 0-0175 0-253 | 0-0180 0-220 0-97 
4 — 0-0170 0-350 0-0150 0-093 1-13 
5 0-0075 0-150  0-0075 0-123 1-00 
6 00175 0-130 0-0100 0-040 1-75 
Mean 0-0148 0-202 0-01325 0-119 1-155 
8.E, of mean 0-00156 0-0408 0-00173 0-0276 0-129 
Koa, (1 Kou (1 


8.E. of mean 0-0012 — 0-0013 
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of these experiments are shown in Fig. 3. In these experiments initial 
infusion studies were made on the control and experimental eyes alter- 
nately. The curves relating pressure and infusions in the control eyes were 
similar to those previously obtained with the eyes of normal unoperated 
rabbits (Langham, 1955, 1959). In contrast, the curves for the denervated 
eyes showed distinct differences from the control curves. The initial pres- 
sures were lower and in five out of the six experiments the slopes of curves 


Intraocular pressure (mm Hg) 


Infusion (ul./min ) 
Fig. 3. The effect of superior cervical ganglionectomy on the response of intra- 
ocular pressure to the infusion of physiological saline (pH 7-4) into the anterior 
chamber. Each of the four graphs gives the results for a pair of eyes 24 hr after 
unilateral ganglionectomy. @, denervated eye; O, control eye. 


relating pressure and infusion were significantly less than in the control 
eyes. The result on the sixth animal was in agreement with the rest of the 
series but the difference between the slopes of the two eyes was less marked 
(lower right-hand figure in Fig. 3). 

Ascorbic acid analyses and blood flow. The concentration of ascorbic acid 
in the aqueous humour is dependent on the amount brought to the site 
of secretion in the ciliary processes (Linner, 1952; Langham, 1955). 
Consequently, provided the transfer mechanism is not saturated with 
ascorbic acid the concentration in the aqueous humour can be used to 
derive a measure of the blood flow through the ciliary. processes. Table 4 
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shows the results of analysis 24 hr after ganglionectomy. It is seen that 
in the rabbits not given supplementary ascorbate the concentration in the 
aqueous humour on the operated side was higher than on the control side 
by a factor of 1:12. This ratio is of the same order as that found by 
Becker & Linner (1952) 24 hr after preganglionic section of the sympathetic 
chain. 


Tas eE 3. The effect of superior cervical ganglionectomy on the ascorbate content of aqueous 
humour at plasma ascorbate levels above and below saturation level in rabbits. These are 
compared with the effect of preganglionic section of the cervical sympathetic under similar 
conditions, as reported by Becker & Linner (1952). The aqueous samples were taken 24 hr 
after the unilateral operation. The figures in brackets indicate the number of experiments 
in each series and standard errors of the means are shown 


Ratio 
Denervated 
Denervated eye Controleye Control 
Unsaturated (8) 24:341-:73 21-94+1-16  1:12+0-04 
Ganglionectomy Saturated (6) 58-04 3-4 63-64+2-76  0-914+0-03 


Preganglionic section Unsaturated (42) 26-04+0-81 °23-5+0-91 1-11+0-01 


Saturated (18) 50-14+1-14 49-8 + 1-32 1-:01+0-01 


TaBLE 4, Sensitization to adrenaline. Rabbits were subjected to either superior cervical 
ganglionectomy or preganglionic section of the sympathetic chain on the left side. 24 hr 
later the pupil diameter was measured in both eyes, before and after intravenous injection 
of 10: ug adrenaline 
Pupil diameter (mm) Pupil diameter (mm) 


before adrenaline after adrenaline 
Left eye Righteye Lefteye Right eye 
Ganglionectomy 75 8-5 10-5 7-0 
6-5 9-0 7-0 
8-0 9-0 10-0 8-0 
9-0 7-5. 10 5 75 
7:5 7:5 10-0 10-0 
7-0 7-0 12-0 8-0 
Preganglionic section 7-0 8-0 7-0 9-0 
7:0 8-0 7-0 8-5 
6-0 7-0 9-0 
6-0 6-0 7-0 8-0 
6-0 6-0 6-0 7-0 


In the second series, the plasma concentration was raised to 13-16 mg/ 
100 ml. for 4 hr before removal of the aqueous humour. In these rabbits 
the concentration of ascorbate in the aqueous from the denervated eye 
was less than that from the control eye: the ratio of the two concentrations 
was 0-91, 

Sensitization to adrenaline. Paradoxical pupillary dilatation is a well 
known consequence of ganglionectomy in rabbits (Cannon & Rosenblueth, 
1949), Table 3 shows the effect of an intravenous injection of adrenaline 
on pupil diameter 24 hr after preganglionic sympathotomy and also after 
ganglionectomy. It is evident that there was no significant difference 
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between the diameter of the pupils before the administration of the adrenal- 
ine in the denervated and control eyes in the two series. However, in the 
ganglionectomized animals the pupil on the operated side was strikingly 
more sensitive to adrenaline than the control pupil, but sensitization was 
~ absent in the animals with preganglionic section of the sympathetic chain. 
In similar experiments it was found that the sensitization on the ganglion- 
ectomized animals was not evident at 6 hr. 


DISCUSSION 


The purpose of the studies described in this paper was to elucidate the 
mechanism which brings about the striking fall in intraocular pressure 
24 hr after excision of the superior cervical ganglion in rabbits. Both 
Linner & Prijot (1955), and Lieb et al. (1958) found that at this time the 
intraocular pressure had fallen to within 1-2 mm Hg of the episcleral 
venous pressure, which they reported to be 9-10 mm Hg in both denervated 
and control eyes. This value is within the normal range of values for 
unoperated rabbits. These findings preclude the hypothesis that the fall 
in intraocular pressure is caused by a change in episcleral venous pressure, 
and the problem is resolved into whether the effect is due to a decrease 
in the rate of aqueous formation or to a decrease in the resistance between 
the anterior chamber and the episcleral veins or to a combination of both. 
The above authors determined the facility of outflow in rabbits 24 hr after 
unilateral ganglionectomy by tonography (Lieb e¢ al. 1958) and by perfu- 
sion of the enucleated eyes (Linner & Prijot, 1955). In both cases the results 
on the control and experimental eyes were the same, and they concluded 
that aqueous humour formation had been greatly reduced; and Lieb et al. 
(1958) calculated the reduction to be more than 80%. 

We have found (Langham & Taylor, 1959), using both tonometry and 
the more direct method of manometry, that 24 hr after ganglionectomy 
the intraocular pressure fell to 15 mm Hg from its normal value of 20- 

22mm Hg. If it is accepted that the episcleral venous pressure is un- 
_ changed, these results indicate that the outflow pressure has fallen by 
about 50%. Therefore, unless there is an increase in outflow resistance the 
maximum possible fall in the rate of formation of the aqueous humour 
under these conditions is also 50%. 

The fluorophotometric studies indicate that the rates of flow of the 
aqueous humour in the eyes of individual rabbits after unilateral ganglion- 
ectomy were similar and within normal limits. A decrease of 50° in 
aqueous humour flow would have been readily discernible by this technique 
and it must therefore be concluded that the decrease in intraocular pressure 
after ganglionectomy involved changes in the drainage system of the eye. 
_ The results of the fluorophotometric studies are supported by the 
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observations that acetazoleamide, which is known to depress aqueous 
humour formation, caused a fall in the intraocular pressure of eyes already 
hypotensive as a result of ganglionectomy. Under these conditions 
acetazoleamide caused a similar proportionate decrease in the outflow 


* . pressure of the normal and hypotensive eyes. It is difficult to believe that 


this result would have been achieved if secretion of the aqueous humour 
had been depressed 50-80% as a result of ganglionectomy, whereas the 
result is consistent with the conclusion that aqueous flow was similar in 
the two eyes. | | 

Direct evidence that the outflow system is modified by ganglionectomy 
was seen in the results of the perfusion studies. It is clear that the slopes 


*.¢ of the curves relating steady-state pressure with rate of infusion are 


mainly dependent upon the resistance to outflow, and that a gross change 
in the latter will manifest itself as a change in the slope. Some caution is, 
however, necessary in extrapolating these results back to the point of 
zero infusion, for the slope cannot under all circumstances be accepted to 
indicate outflow resistance alone, since at low infusion rates in the normal 


eye the slope of the curve approaches zero, whereas in fact resistance to 
outflow at this point is known to be considerable. It is, however, difficult — 
- to interpret the markedly shallower slopes from the ganglionectomized 


eyes except as indicating a striking reduction in the resistance to outflow 
of aqueous humour. 

In considering the fall in intraocular pressure it should be remembered 
that this effect is found only after ganglionectomy and not after pre- 
ganglionic section of the sympathetic chain. It has been suggested to us 
that the difference between the effects of the two procedures might be due 


to the formation of an irritative lesion after ganglionectomy but not after 


preganglionic sympathotomy, and consequently that the fall in intraocular 
pressure is due to an excess of sympathetic excitation rather than to a— 
deficiency. This appears improbable, since after ganglionectomy the pulse - 
pressure in the denervated eye is greater than that in the control eye 


_ (see Fig. 2), despite the mean pressure in the denervated-eye being low, 


an occurrence which of itself would tend to reduce pulse pressure. Secondly, 


_ the ascorbate concentration in the denervated eye is higher than that in 


the control eye (the ratio of the concentrations being 1-12:1). It has been 
argued (Linner, 1952; Langham, 1955) that since at normal plasma ascorbate 
concentrations the mechanism for secreting ascorbate into the aqueous is 
unsaturated, then a change in the blood flow through the secretory area 


‘ (ciliary body) will bring about a change in the same direction in the 
/ aqueous ascorbate concentration. The rise in the aqueous ascorbate 


concentration 24 hr after. ganglionectomy suggests that blood flow through 


“) this eye has been increased as a result of the operation. Furthermore, the 
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increase would appear to be of the same order as that found by Becker & 
Linner (1952) after preganglionic section of the sympathetic chain. 

At a plasma concentration above approximately 3 mg ascorbic acid/ 
100 ml., the secretion of ascorbic acid into the aqueous humour reaches 
@ maximum. Under these conditions 24hr after ganglionectomy the 
concentration of ascorbate in the aqueous humour of the denervated eye 
was less than in the control eye, the ratio of the mean concentrations 
being 0-91:1. This is consistent with an increase in the rate of flow of 
aqueous humour in the experimental eye. However, the level of ascorbate 
in both eyes was very much greater than the plasma level and it is possible 
that the fall in concentration in the ganglionectomized eye was due to the 
increased permeability of the blood—aqueous barrier which accompanies 
pre- and post-ganglionic cervical sympathotomy. 

Differences between the immediate effects on intraocular pressure of 
pre- and post-ganglionic sympathotomy have previously been reported. 
Von Hippel & Gruenhagen (1870) claimed that preganglionic section of 
the cervical sympathetic had no effect on intraocular pressure but that 
removal of the ganglion caused a rise in intraocular pressure. These authors 
stated that the difference was due to the preganglionic sympathetic fibre to 
the eye entering the sympathetic chain at the level of the superior cervical 
ganglion. This anatomical explanation is unacceptable, since no activity 
could be detected in the post-ganglionic fibres after section of the pre- 
ganglionic trunk (EK. 8. Perkins & C. B. Taylor, unpublished), and also 
since the vascular changes appear to be the same for both operations. The 
difference between the effects of the two procedures is then the more 
perplexing, since apparently in both cases there is an equal and complete 
loss of sympathetic excitation. | 

There remains, however, the possibility that the differences between 
the action of pre- and post-ganglionic sympathotomy on the eye is linked 
with the phenomenon of sensitization, since this also occurs only after 
ganglionectomy. In this respect it should be noted that the onset of 
sensitization to adrenaline has approximately the same time course as 
the depression of intraocular pressure, both being scarcely detectable at 
6 hr but very striking 24 hr after the operation. On the other hand, the 
parallelism ends after 24 hr, since ‘pressure returns to normal within a few 
days while sensitization persists. 

In conclusion, the evidence reported here points to a decrease in the 
resistance to outflow between the anterior chamber and the episcleral 
veins as the explanation for the fall in intraocular pressure observed 
24 hr after ganglionectomy. The reason why this occurs after extirpation 
of the ganglion but not after preganglionic sympathotomy remains to be 
clarified. 
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SUMMARY 


1. The cause of the fall in intraocular pressure found 24 hours after 
superior cervical ganglionectomy in rabbits has been investigated. 

2. The rate of flow of the aqueous humour has been estimated by a 
fluorophotometric method and was found to be approximately the same 


in the eyes of individual rabbits 24 hours after unilateral ganglionectomy. 


3. Evidence that ganglionectomy changed the resistance to outflow 
between the anterior chamber and the episcleral veins was obtained from 
perfusion studies on living eyes. 

4. Analysis of the concentration of ascorbic acid in the aqueous humour 
indicated that ganglionectomy increased the blood flow through the eye. 

5. Sensitization of the pupil to adrenaline, although absent 6 hours 
after ganglionectomy, was clearly demonstrated at 24 hours. This time 
course followed closely that of the pressure changes following ganglion- 
ectomy. | 

6. It is concluded that the fall in intraocular pressure 24 hours after 
ganglionectomy is due principally to a decreased resistance in the outflow 
system of the eye. 

The authors wish to thank Sir Stewart Duke-Elder for his interest in this paper and Dr 


D. M. Maurice for suggesting the method of deriving the rate of aqueous flow from the 
fluorophotometric data. We are indebted to the Medical Research Council for defraying 


the costs of this study and also to the Council to Combat Blindness, New York City, for 
_ donating part of the equipment used. 
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Shizume & Lerner (1954) detected in normal human blood a substance 
which darkened the isolated skin of Rana pipiens. Sulman (1956) also 
found such a material in human blood which darkened the tree frog 

_ Hyla arborea. These workers observed a higher titre of the active principle — 
in the blood of abnormally pigmented patients, and this indicates its 
possible implication in the mechanism of pigmentation in human skin. 
Judging from the terminology used by Lerner it would appear that he 
believes the substance to be the melanocyte-stimulating hormone (MSH) 
from the donor’s pituitary. Sulman (1956) did not so specifically identify 
the active principle: he called it ‘Chromatophorotropic Hormone’. It 
seems premature to label it as a true hormone and in this paper it is 
referred to as melanophore-expanding substance (MES), and to avoid 
periphrasis the term MSH is used only in reference to Shizume’s preparation. 
Past attempts to associate higher concentrations of the active substance 
in the blood and urine of patients with pigmentary and other disease 
processes have had contradictory results (Shizume & Lerner, 1954). The 
untreated blood usually employed often proved toxic and the specificity 
of the assay methods is questionable. F. W. Landgrebe & H. Waring 
(unpublished) tried to improve this by partially purifying the extracts and 
assaying them on intact and on hypophysectomized Xenopus laevis, a test 
animal which is considered to be very specific. However, they failed to 
obtain uniform results; often they found extracts which darkened intact 
Xenopus but failed either to act on the hypophysectomized animal or 
to show a consistent dose-response relationship. Recently A. B. Lerner 
(personal communication to Landgrebe) has drawn attention to the 
relatively low sensitivity of the in vivo method as compared with the 
in vitro one used by him. Bentley & Hudson (1957), using X. laevis in 
both instances, claimed that the in vitro method is 100-150 times more 
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sensitive than that in vivo. This is a false estimate based on concentration 
rather than on dosc. From their results we calculate that the ratio of 
sensitivity is about 15. This comparative study is interesting, for it may 
explain the difficulties met by Landgrebe & Waring. However, it does not 
account for Sulman’s positive in vivo result, unless it is assumed that 
Sulman’s assay method is also more sensitive, a question which has 
probably not yet been reported. 

The criterion applied by both Lerner and Sulman to evaluate the activity 
of the principle in blood is its capacity to darken amphibian skin. Such 
a change may be brought about by non-specific substances (Burgers, 1956). 
It was therefore decided to establish a few additional criteria, applicable 
to pituitary MES irrespective of their source and purity, and to examine 
how far the melanophore-expanding extracts from blood conform to them. 
The present paper embodies the results of these investigations. 


METHODS 


The sources of MES were acetone-dried powders from the posterior pituitary lobes of 
ox and pig and from the anterior and posterior lobes of human beings. The former were 
commercial preparations, while the latter were from glands collected and dissected as 
quickly as possible after death. MES was obtained in each instance by extracting the 
powders with 0-25 % acetic acid according to the standard method (B.P. 1932; Landgrebe & 
Waring, 1941). Preparations of pituitary extracts having different degrees of purity were 
obtained by following, partly or fully, Landgrebe’s method of purification of the hormone 
(Landgrebe & Mitchell, 1954). 

Normal human blood was collected from the cubital vein and inert matter immediately 
precipitated with two volumes of acid acetone (25 ml. 0-005N-HCl in 75 ml. acetone). It 
was quickly brought to the laboratory in ived containers and centrifuged. Four volumes of 
acetone were added to the clear supernatant and the precipitate, after settling during the 
night at —10° C, was collected by centrifugation, washed with acetone and dried over 
calcium chloride in vacuo. The active fraction was extracted with 0-25 % acetic acid (about 
1 ml./ml. blood) and this solution was used for the test. Blood from patients was collected 
from different hospitals, brought to the laboratory in a frozen state and treated and tested 
similarly. 

Three methods were employed to measure the activity: for assay in vivo, X. laevis, both 
intact and hypophysectomized, was used (Landgrebe & Waring, 1944): Hyla arborea was 
also used for assay in vivo (Sulman, 1952), but the method was modified in that the response 
was assessed by observing the melanophore change in the skin of the leg and not the gross 
change of skin colour; for assay in vitro, skin of Rana temporaria was used, R. pipiens 
being unavailable in this country. The procedure was a modification of the assay method 
employed by Frieden, Fishbein & Hisaw (1948). The method of assay with Xenopus laevis 
entails injection of 0-2 ml. of extract into the dorsal lymph sac through the thigh muscles. 
The melanophores in the central part of the large web in the animal’s foot are examined 
microscopically with a % in. (1-7 cm) objective and 10 x eyepiece with constant and adequate 
illumination. Similarly Hyla arborea is injected in the dorsal lymph sac and the melano- 
phores in the skin of the leg observed microscopically. The skin of Rana temporaria is 
immersed in a suitable Perspex cup containing 2 ml. of the solution under test. At one and 
the same time the expansion of the melanophores is noted microscopically and the reduction 
of transmitted light measured by means of a suitable galvanometer. — 


} 
3 
j 
« 


» of 
nay 
not 
hat 
has 


rity 


uch 


56). 
1ine 
em. 


os of 
were 
d as 
the 
be & 
were 
none 


ately 
). It 
es of 
z the 
over 
bout 
scted 
asted 


both 
was 
onse 
gTOss 
piens 
thod 
aevis 
scles. 
1ined 
yuate 
lano- 
ria 
and 
ction 


MELANOPHORE-EXPANDING SUBSTANCES 461 


A comparative study of the different methods has been made by Main. The results are as 
yet unpublished but it can be reported that the in vitro method with R. temporaria has 
been found to be about 50 times more sensitive on a concentration basis and 10 times on 
a weight basis than the in vivo method with Xenopus laevis, and the sensitivity of the in vivo 
assay with Hyla arborea is greater than that with Xenopus laevis. It has yet to be seen 
whether this latter result is dependent on the smaller size of Hyla arborea. 


RESULTS 


Figure 1 represents, the time—response curves obtained by plotting the 
melanophore changes (Landgrebe & Waring, 1944) after injecting different 
doses of International Standard ox posterior lobe pituitary extract into 
the dorsal lymph sac of Xenopus. The maximum response obtained with 
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Fig. 1. Response curve obtained with different doses of international standard 
ox PLP; test animal, Xenopus laevis. xX, 2:5 wg; O, 1:25 wg; A, 0-4 pg. 


a certain dose of the substance is plotted as ordinate against the logarithm | 
_of the dose. All the points fall in a straight line, as is shown in Fig. 2. 


Figure 2 shows the dose-response lines obtained with 0-25 % acetic acid 
extracts of ox, pig and human posterior lobe pituitaries. Human anterior 
lobe pituitaries were also extracted in a similar manner and the dose- 
response line is also shown. Two other dose-response lines are shown in 
the same figure, one from a partially purified pituitary preparation and 
the other from blood obtained from a grossly pigmented patient. The slopes 
of all these lines are similar. 

Figure 3 shows the dose-response lines with Hyla arborea as a test 
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Fig. 2. Dose-response lines obtained with different preparations using Xenopus 

_ laevis as test animal. @, Extract of a partially purified MES obtained from pig 

PLP; xX, extract of pig PLP; O, extract of ox PLP (international standard); 

A, extract of human ALP; (, extract of human PLP; A, same from the acetone 
precipitate of blood obtained from patients. Semi-log. scale. 
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Fig. 3. Dose-response line obtained with different preparations with Hyla 
arborea as test animal. @, Dixon’s corticotrophin Al; x, extract of pig PLP; 
O, extract of ox PLP (international standard); A, extract of human ALP; 
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animal. The dose-response line obtained with Dixon’s corticotrophin A1, 
which is known to possess melanophore-expanding properties (Dixon, 1956) 
is also included in the same figure. Again the lines are parallel. 

Figure 4 shows the dose-response lines obtained by the in vitro method 
of assay. A dose-response line obtained from a preparation made from 
normal blood is also presented. It will again be seen that the different lines 
are similar in slope. 


bint 


Reduction of transmitted light (%) 


0 ? j 
10~* 1073 107? 107" 10 
Concentration ml.) 


Fig. 4. Concentration—response lines obtained with different preparations 
on isolated skin of Rana temporaria. @, extract of partially purified pig PLP; 
O, extract of ox PLP; A, extract of human ALP; (, extract of human PLP; 
A, extract from acetone precipitate of normal human blood (the actual concen- 
tration is 10-* times that shown in the graph). Semi-log. scale. 


Heat stability of melanophore-expanding substance. The heat stability of 
melanophore-expanding preparations is well documented. Landgrebe & 
Waring (1941, 1944) and Landgrebe, Reid & Waring (1943) have shown 
that an acetic acid extract of ox posterior lobe pituitary retains its entire 
activity even after boiling for 3 min. We have found that this stability 
persists with increasing purification of the extract. Whether the activity 
of pituitary extracts is stable or not in a low concentration corresponding 
to the amount found in blood has not yet been determined. However, 
our blood extracts are relatively thermo-stable. : 
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DISCUSSION 


Previous workers have recorded dose-response lines by both in vivo 
(Landgrebe & Waring, 1944; Thing, 1952; Bentley & Hudson, 1957) and 
in vitro (Shizume & Lerner, 1954; Bentley & Hudson, 1957) assay methods, 
but have usually confined themselves to a single species of amphibia and 
have drawn their lines from results obtained from only one preparation 
of MES. | 

We have recorded the dose-response lines obtained with pituitary 
extracts from different species in both in vivo and in vitro tests using three 
species of amphibia. We have found that with a particular assay method, 


_ in vivo or in vitro, and a particular species of amphibia the dose-response 


lines obtained with these different melanophore-expanding extracts are 
parallel. The parallelism is independent of the source of the pituitary or 
degree of purity of the extracts. This surprising finding not only indicates 
that the mechanisms of action of these pituitary substances on amphibian 
melanophores are probably similar, but also, when combined with the 
observation that an extract of blood from a pigmented patient gave a 
similar dose-response curve (Fig. 2), ee that there may be in blood 
a MES of pituitary origin. 

- With preparations from normal bloods we could not draw a line using 
Xenopus laevis or Hyla arborea, presumably owing to the relatively low 
sensitivity of the in vivo tests. It might have been possible if we could 
have more efficiently processed a larger volume of normal blood and 
removed the toxicity associated with the larger doses. 

Figure 4 shows that by using isolated skin a dose-response line can be 
drawn for preparations from normal blood. This line is again parallel to 
those obtained with different pituitary preparations assayed in a similar 
manner. We have found that the MES from human blood is thermo-stable 
and we have further seen that this substance when injected into hypo- 
physectomized Xenopus evokes a time response similar to that obtained 
with pituitary extracts. All these facts indicate that we are dealing with 
a substance which simulates pituitary preparations and ey thus well be 
pituitary in origin. 

Morris, Russell, Landgrebe & Mitchell (1956) suggested that in human 
pituitaries MES is elaborated in the anterior lobe and that the activity 
found in the posterior lobe may be due to post-mortem diffusion. For 
this reason it is interesting to compare the results we have obtained with 
the preparations from human anterior lobe, posterior lobe and blood. The 
dose-response lines obtained are all parallel to one another. However, the 
time-response curve obtained with the blood preparation simulates more 
closely that obtained with the anterior lobe extracts, that of the posterior 
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lobe being slightly different in that the change in ‘melanophore index’ 

(Hogben & Gordon, 1930) is exhibited after an initial time lag. This again 
indicates that the MES obtained by us from blood may be a pituitary 
substance having its origin in the anterior lobe. Thus, while our work 
adduces strong support for the claim that there is in blood a MES of 
pituitary origin, it does not definitely establish that the substance is a 
pituitary hormone. Indeed, as is indicated below it may even be adreno- 
corticotrophic hormone (ACTH). 

Sulman (1952) claimed that ACTH preparations can darken Hyla 
arborea. A highly purified preparation from the pituitary, Corticotrophin 
Al, also possesses melanophore-expanding activity equal to 1°% of that 
of the pure melanophore-expanding polypeptide (Dixon, 1956). Winter, 
Brink & Folkers (1954) also found this activity in ‘Corticotrophin B’ 
preparation, which is a single substance by conventional physico-chemical 
tests. 

Johnsson & Hogberg (1952) and Harris & Lerner (1957) have shown 
that the physico-chemical properties of the two polypeptides, MES and 
ACTH, are very similar except that the former has a smaller molecular 
weight. The melanophore-expanding property of ACTH may be due to 


‘one of two causes: either (1) the smaller polypeptide is intrinsic to the — 


larger or is a contaminant difficult to remove from it; or (2) ACTH is an 
independent MES. 

In view of the limitation imposed by the ae availability of blood, 
as compared with urine, previous workers and ourselves have been forced 
to make only crude extracts of blood. The procedures used would also 
extract. any ACTH which would give a positive response in our test if 
melanophore expansion is an inherent property of the ACTH molecule. 
It was thought that it might be possible to differentiate between the two 
polypeptides by drawing the dose-response lines. However, from our 
results even Dixon’s Corticotrophin A1 shows a dose-response line which 
has the same slope as other pituitary extracts (Fig. 3). It is thus difficult to 
claim that the active principle present in blood is a substance differentiated 
as a pituitary hormone, MSH. It is precisely for this reason that we feel 
justified in limiting the descriptive name of this active principle to 

‘melanophore-expanding substance’. 


| SUMMARY _ 

1. By means of acid-acetone-a substance is extracted from human 
blood with an activity which simulates different pituitary melanophore- 
expanding preparations. The reasons for naming it ° melanophore-expanding 
substance’ are discussed. 


| 
nd 
ds, | 
nd q 
ion 
ary 
ree 1 
od, 
nse 
are 
or 
tes 
ian 
the 
e a ; 
00d 
sing 
low | 
uld 
and 
be 
l to 
ilar 
uble 
ned 
ith 1 
be 
yan 
ity | 
For | 
vith | 
The | 
the | | 
10re 
rior | 


466 J.N. KARKUN AND OTHERS 


2. The various methods of assay of this substance are mentioned. The 
conclusions are that the in vitro methods are sensitive enough to measure 
the small amounts of this material present in normal blood and the in vivo 
methods are suitable for the measurement of the increased level found in 
- the blood of persons with gross melanin pigmentation. 


- The authors wish to place on record their thanks to the Scottish Hospitals Endowments 
Research Trust and Colombo Plan authorities for supporting two of the authors (R.A.M. 
and J.N.K. respectively). Thanks are also due to Dr H. B. F. Dixon for supplying his 
corticotrophin Al. 
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THE DISTRIBUTION OF RADIO-IODIDE IN THE 
SKIN OF THE RAT 


By K. BROWN-GRANT, G. PETHES* anp A. W. ROGERS 


From the Departments of Physiology and Anatomy, 
Umiversity of Birmingham 


(Received 4 January 1960) 


In previous studies it has been shown that about 30% of an injected 
dose of carrier-free radio-iodide is found in the skin of the rat 2—4 hr after 


injection. A concentration gradient for iodide, which can be abolished by 


thiocyanate, exists between skin and plasma (Brown-Grant & Pethes, 
1959). An investigation has now been made into the distribution of 
radio-iodide in the skin 2—4 hr after injection. 


METHODS 


Male albino rats, from an inbred laboratory colony, derived from the Wistar strain and 
maintained under the same conditions as in previous experiments (Brown-Grant & Pethes, 
1959), were used. Carrier-free radio-iodide (}*4I, obtained from the Radiochemical Centre, 
Amersham) was injected intraperitoneally in the doses given in the text. Tissue samples 
were dissolved in 3N-NaOH and their radioactivity measured in an M6 liquid counter. 

The injection of high doses of 1*4I (40 uc or more) was carried out under ether anaesthesia, 

as were all surgical procedures. Potassium thiocyanate (10 mg/100 g body wt. asa l% (w/v) 
solution) was also injected intraperitoneally. 
_ Gross sections of the skin were prepared by freezing pieces, approximately 5 x 2 cm across 
and 4-6 mm thick, with solid carbon dioxide and cutting them freehand into 5—7 horizontal 
sections of roughly equal thickness. These were weighed while still frozen. Their "I content 
was determined and the concentration (counts/100 sec/g tissue) and skin:plasma (S:P, 
(counts/100 sec/g tissue) : (counts/100 sec/ml. plasma)) ratio for I calculated. Assuming an 
equal density for each horizontal slice, thickness would be directly proportional to weight, 
as the area of each slice was the same. On this basis the histograms showing the distribution 
of J in the skin were constructed. 

In the autoradiographic studies, Ilford Nuclear Research Emulsions K5 and G5, both in 
gel form, were used, The emulsion was melted at 50° C and applied with a fine paint-brush 
to the slides, which were warmed to the same temperature, After cooling to room tempera- 
ture the slides were exposed in the dark at 5° C in the presence of about 20 g of dried silica 
gel. Development was carried out with dilute [ford ID-19 developer and fixation in 30% 
aqueous thiosulphate solution. Eisen & Harris (1957) have described a method for the 
preparation for autoradiography of tissues containing water-soluble isotopes; this involves 
rapid fixation in water-free acetone, followed by embedding in a water-soluble wax. Skin 
containing ™ I was subjected to this treatment, but comparison with untreated skin showed 
that 50-60 % of the activity was removed by the treatment. ‘I histograms from pieces of 


* International Atomic Energy Agency Fellow. Present address: Department of Physio- 
logy, School of Veterinary Science, Budapest, Hungary. 
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skin fixed in acetone showed a loss of 80% of the activity from the outer, epidermal, layer 

by comparison with fresh frozen skin, and were similar to those seen after KSCN administra- 
tion (Text-fig. 2). Autoradiographs of sections from the blocks of treated skin confirmed 
that the 1*1I had been lost from the tissues, and ac’ivity could be recovered from the water- 
soluble wax used for embedding. Conventional freeze-drying, followed by vacuum embedding 
in paraffin wax, was therefore used with all subsequent material. 

In the first experiment an adult male rat weighing 220 g received 80 pc I. A first skin 
sample taken 2 hr later showed a skin:blood (S:B) ratio of 2-16:1, and an absolute '*'I 
content of 0-9 ye/g. The animal was then injected with KSCN and killed after one further 
hour, when the 8:B ratio was 0-57, and the absolute skin content 0-4 ye/g. 5 sections of 
skin were used for autoradiography. After being dewaxed in petroleum ether for 10 min the 
slides were dried in air, and dipped once in a 1 % solution of nitrocellulose in ether: ethanol 
(1:1). 24hr later the emulsion was painted over the sections, which were exposed for one 
or three half-lives, and examined by phase-contrast microscopy. The period elapsing between 
injection of "4 and KSCN and the start of exposure was not more than one half-life. These 
sections showed no positive autoradiograph, an unexpected finding in view of the high 
initial *J content. A few blank slides were therefore coated with emulsion, and ribbons 
of sections mounted over the emulsion without dewaxing. After similar exposure periods 
an intense autoradiograph was obtained, clearly localized to the tissue within the ribbon. 
Evidently a loss of I had occurred during dewaxing or dipping in nitrocellulose. This was 
investigated by measuring the radio-activity of ribbons of sections, mounted on slides, with 
a thin end-window Geiger counter before and after dewaxing for 2 min with petroleum 
ether. The dewaxing reduced the count rate by 30-40%. Other dewaxing agents (xylene, 
benzene, toluene) caused even greater losses of I from the sections. The leaching out of 
131] by the acetone and water-soluble wax treatment, and by non-polar dewaxing fluids 
after freeze-drying, prevented the preparation of autoradiographs in which the tissue 
section remained in contact with the emulsion. 

For the remaining experiments, autoradiographs were therefore prepared by two methods, 
‘direct’ and ‘sandwich’. In the first, or ‘direct’, method emulsion was spread on clean 
slides and allowed to dry: the waxed sections were then mounted on top of the emulsion, — 
and gently flattened. After exposure the slides were placed in petroleum ether, which 
removed the waxed sections, and the emulsion was subsequently developed as usual. In the 
second, or ‘sandwich’, method emulsion was spread on clean slides, as hefore, and the 
sections mounted on a further series of slides. For exposure, an emulsion-coated slide was 
placed against a section-bearing slide and the two held firmly together with elastic bands. 
After exposure the two slides were separated, the one for development, the other for 
dewaxing and staining. The direct method gave autoradiographs with accurate resolution, 
but neighbouring sections had to be used for comparison; resolution was less clear with the 
sandwiches, but direct comparison between the section and its own autoradiograph was 


possible. The two techniques were eaeey complementary and the information they 
gave _— in all respects. 


RESULTS 
Macroscopic skin sections : 

Strips of skin were obtained from five adult rats 1-3hr after the 
injection of 10-80 ,c of 4811. The hair was removed with electric clippers. 
Hair obtained in this way up to 6 hr after injection contained no significant 
amount of I and was therefore discarded. The strips of skin were 
frozen on plate glass to prevent curling. Histograms of the 1 I dis- 
tribution in the skin were prepared as described under Methods. In each 
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case the outer layer showed the highest concentration of isotope, up to 
6 times the plasma level. The middle layers, mainly:dermal tissue, showed 
S:P ratios of 1—-1-5:1; the inner layer of panniculus carnosus was always 
of lower I content than the plasma (S:P ratio of about 0-6:1). Text- 


figure 1 shows a typical result. The mean skin !I content calculated from 


the data obtained from slices was within +10 °% of the value obtained 
from fresh or frozen specimens of whole skin from the same animal. 
4000 4 


content (counts/100 sec/g) 


Plasma level 


7 Slice width (arbitrary units) 
Epidermis Dermis Panniculus carnosus . 
Text-fig. 1. 1*I concentration in successive horizontal sections of rat skin removed 
2:25 hr-after the injection of radio-iodide and cut freehand. 8:P ratio for whol 
skin 1-78;1, 


In two rats skin was removed from one flank 2 hr after injection of 154I 
and a blood sample obtained. The animals were then injected with KSCN 
and allowed to recover. One hour later they were killed and skin was 
removed from a similar position on the.opposite side of the body and a 
further blood sample obtained. The results of both experiments were the 
same; one is illustrated in Text-fig. 2. The major effect of KSCN is to 
reduce the 11[ content of the outer (epidermal) layers; the 8:P ratio of 
the dermal layers falls to below 1-0:1 but the subcutaneous tissues are 
little affected. 

These findings suggested that the region of high I concentration was 
located in the epidermis. This had been suspected from the results obtained 
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when the §:P and S:B ratios for I in rats of different ages were considered, 
together with the histological appearance of the skin. As is shown in 
Pl. 1 4—D the epidermal layers contribute a much greater proportion of 
the total skin thickness in the young rats than in the adult and also in the 
adult male as compared with the adult female. Quantitative studies were 
made as follows. Skin samples from the lumbar region of 2-day- and 10-day- 
old rats and adult male and female rats were fixed, dehydrated and em- 


15,000 


Plasma level 


Plasma level 


131) content (counts/100 sec/g) 


3,500 F 


Epidermis . Dermis Subcutaneous surface 
Text-fig. 2. ‘I concentration in successive horizontal sections of rat skin cut 
. freehand. Above, skin removed 2 hr after injection of radio-iodide. Below, skin 
removed from same rat 1 hr after injection of KSCN arid 3hr after radio-iodide 
administration. Dotted line in upper histogram represents post-thiocyanate 
values. Note the preferential discharge of }*4I from the outer epidermal sections. 


Slice width (arbitrary units) 


bedded in parallel. Measurements were made at four points on each of 
five sections of each type of skin. Values for relative epidermal thickness 
(as percentage of whole skin excluding subcutaneous muscle and fat) were 
18-8 + 0:7, 8-6 + 0-3, 3-4 + 0-2 and 2-2 + 0-1%, respectively (mean + standard 
error of the mean of 20 determinations). Typical 8:B values were 5-7, 2:1 


- and 1-2 for 2-day-old, adult male and adult female rats in one series of ° 


experiments and 7-9, 4-5 and 3-0 for 2-day-old, 9-day-old and adult males 
in a second series. 
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Autoradiographic studies 

These were carried out to obtain more exact information as to the 
location of the zone of high "I content, but were complicated, as has been 
discussed under Methods, by the fact that the isotope studied was present 
in a water-soluble form. Skin was taken from a 140 g adult male rat 2 hr 
after injection of 98 yc of }*1I and from the same animal 3 hr after the 
injection of #4] and 1 hr after the injection of KSCN. The two samples of 
skin had I contents of 4-6 and 2-2 uc/g and S:B ratios of 3-0 and 0-95, 
respectively. Skin samples were also obtained from a 2-day-old (5:4 g 
body wt.) and a 10-day-old rat (14-6 g body wt.) 2 hr after the injection 
of 14 and 23 ue of 11, respectively. Skin contents were 14-3 and 6-8 yo/g 
and §:B ratios were 7-9 and 4:5. 

Satisfactory autoradiographs (a.r.g.s) were obtained by both the ‘direct’ 
and the ‘sandwich’ method. Pl. 2B shows the a.r.g. obtained from a 
section of skin placed directly on the emulsion, and PI. 2.4 a stained section 
from the same portion of the block. There is a band of high-grain density 
which corresponds to the deeper layers of the epidermis. This characteristic 
epidermal band is present though less clearly defined in the sandwich a.r.g. 
(Pl. 44, B) of adult skin obtained before KSCN injection. Skin removed 
lhr later, however, gave a.r.g.s which indicated that the activity was 


now distributed more or less uniformly throughout the whole skin (Pl. 4C, 


D). 
The skin of the suckling rat differs from that of the adult (Pl. 1) in the 
greater absolute, as well as relative width, of the epidermis, the presence — 
of down-growths of the lower layers of the epithelium in the skin of the 
2-day-old animal and a dense population of newly formed hair follicles in 
the 10-day-old animal. A.r.g.s show the same band of high 1*4I concentra- 


_ tion in the lower layers of the epidermis (Pl. 3A—D). Localized areas of 
-high-grain density also occur frequently throughout the dermis in these 


sections and appear to correspond to the position of hair follicles. | 


DISCUSSION 


A concentration of 131] in the whole skin of the rat relative to the blood 


. can be demonstrated in the first few hours after injection. Histograms of | 


the 11J content of thick horizontal sections of frozen skin have:shown that 
it is in the outer, predominantly epidermal, section: that the highest 
concentration of ‘I occurs. After thiocyanate administration the pre- 
ferential concentration of 1*4I by this layer is abolished and the S:P ratio 
of this layer approaches that of the deeper layers. Autoradiographic 
studies have confirmed that the region of high I concentration is in the 
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epidermis, more precisely in the lower layers, and that the preferential 
concentration of 1*1I here is abolished by thiocyanate. 

The significance of the iodide concentrating mechanism in this situation 
is unknown. It is of interest that Treherne (1956), studying the penetra- 
tion of skin by non-electrolytes, deduced from the results of his dynamic 
experiments that the barrier to free diffusion lay in the epidermis. He 
predicted and demonstrated that a labelled compound (**S-thiourea), 
during its passage through the skin, was concentrated in the lower layers 
of the epidermis, the same region in which we have observed the con- 
centration of 1%1J. Morel (1959), on the basis of his studies on sodium 
transport by the skin of the frog, has suggested that the kinetics of this 
process can best be explained on the hypothesis that in the region of the 
basal layer of the epidermis there exists a narrow band of cells with unique 
cell membrane permeabilities and markedly different electrolyte content 
from the surrounding tissues. The phenomenon of iodide concentration 
may be related to these findings. An alternative possibility is that it is in 
some way connected with the biochemical changes occurring in the cells 
- during keratinization, which would also account for the high concentration 
of #1 in the region of the hair follicles in some of our a.r.g.s and may be 
connected with the rapid uptake of *'I by the growing hair discussed else- 

where (Brown-Grant & Pethes, 1960). 


SUMMARY 


1, The existence of a skin: blood concentration ratio for I greater 
than 1-0:1 in the first few hours after injection in suckling and adult rats 
has been confirmed. 

2. Measurements of the !*!I content of macroscopic horizontal sections 
of frozen skin have shown that the highest concentration occurs in the 
outer epidermal layer and that I is preferentially discharged from this 
region by thiocyanate. 

3. Autoradiographic studies have shown that the I that can be dis- 
charged by thiocyanate is located in the lower layers of the epidermis. 
A concentration of }*‘J in the region of the hair follicles has also been 
observed. 

4. Some possible explanations for the existence of an _ iodide- 
concentrating mechanism in the epidermis of the rat are discussed briefly. 


- Our thanks are due to Miss Heather Sorrill for her skilled technical assistance and to 
Miss Nita Dews for preparing the microphotographs. 
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EXPLANATION OF PLATES 


PLATE | 


5 » sections of skin from lumbar region of rats of different ages. The tissues were processed 
simultaneously and stained with haematoxylin and eosin. Note relative proportions of 
epidermis and dermis and the density of hair follicles in the different skins. A, 2-day-old 
rat; B, 9-day-old rat; C, adult female rat; D, adult male rat. 


2 


A, section of skin from a 2-day-old rat 2 hr after injection of I. B, the corresponding 
direct a.r.g. from a section adjacent to A. Note the region of more intense blackening 
which corresponds to the epidermis. C, section and D, sandwich a.r.g. from skin of same 
animal as for A and B. The resolution is poorer with this technique, but a line of more intense 
blackening is seen at the right of the autoradiograph, corresponding to the position of the 
epidermis. 

PLATE 3 


A, B, detail from section shown in Pl. 2.4. Note absence of intense blackening in area where 
epidermis has been lost from the section. C, section of skin removed from a rat aged 10 days 
2 hr after the injection of “I, and D, the corresponding sandwich a.r.g. Note more intense 
blackening at the upper epidermal margin of the section and the blackening over the more 
superficial parts of some of the hair follicles. The deeper regions of the dermis containing 
the bulbs of the hair follicles show no localized concentrations of }*'I. 


PLATE 4 


A, section of skin from adult male rat, 2 hr after injection of 'I, and B, the corresponding 
sandwich a.r.g. Note intense blackening at edge which corresponds to the position of the 
epidermis. C, section of skin from same animal as for A, but removed 3 hr after }*'I injection 
and | hr after injection of thiocyanate, and D, the corresponding sandwich a.r.g. Note lower 
general density of graining and absence of any locally increased blackening. 
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THE UPTAKE OF 1] BY THE HAIR OF THE RAT 


By K. BROWN-GRANT anp G. PETHES* 
From the Department of Physiology, University of Birmingham 


(Received 4 January 1960) 


In the first few hours after the injection of radio-iodide in the rat as 
much as 30 % of the radioactivity is found in the skin. Thiocyanate given 
before the injection of 1*1I leads to a reduced skin content and a skin : blood 
(S:B) concentration ratio for 44I of less than one; when thiocyanate is 


given after the J, the skin content and §:B ratio are reduced as com-. 


pared with control values, but not always to the level seen in animals 
pre-treated with KSCN (Brown- -Grant & Pethes, 1959). These findings 
suggest that a part of the 1*I present in rat skin as early as 2 hr after 
injection is in some form of organic combination or in some anatomical 
compartment from which it is no longer discharged by thiocyanate. This 
. fraction could be the hair iodine. It has been shown that in the adult male 
rat 3-5 °% of an injected dose of I is still present in the skin 24 hr after 
injection and remains at this level for the next 10-12 days. The proportion 
appearing in hair removed by clipping gradually increases over this period 
(Brown-Grant & Pethes, 1959). 

_ The incorporation of I into the hair of the rat has now been studied 
in more detail, with particular reference to the effect of chemical agents 
known to interfere with the concentration and organic binding of ne 
elsewhere in the body. 


METHODS 


The strain of adult male albino rats used, their housing conditions and diet, radioactive 
materials and methods of counting were the same as in previous studies (Brown-Grant & 
Pethes, 1959; Brown-Grant, Pethes & Rogers, 1960). In each experiment a suitable portion 
of the ™*I solution injected was counted as an internal standard and results were expressed 
as a percentage of the injected dose. In short-term experiments.in which KSCN was 
administered after the injection of 1*!I, the skin content of radio-iodide was also expressed 
as millilitres plasma equivalent; that is, the volume of plasma (in millilitres) having the 
same '*'] content as the skin. This was necessary, since KSCN blocks the iodide-concentrating 
mechanism of the thyroid, jejunal glands and gastric mucosa. Under these circumstances 
the plasma concentratien of !*!I is higher in KSCN-treated animals than in controls after 
the same dose of "I, Under these circumstances, therefore, expressing the,skin content of 
radio-iodide in terms of millilitres plasma equivalent affords a better basis of comparison with 


control animals than expressing it as percentage dose. This has been discussed in a previous 
paper (Brown-Grant & Pethes, 1959). 


* International Atomic Energy Agency Fellow. Present address: Department of 
Physiology, School of Veterinary Science, Budapest, Hungary. 
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All results given in the text and in the tables are means + standard error of the mean. The 
significance of differences between means was estimated by Student's ¢ test and results 
are given as the probability (P) value obtained. ‘N.S.’ (not significant) indicates a value for 
P of greater than (0-05. 

Potassium thiocyanate, A.R. (10 mg/100 g body wt. as a 1 % (w/v) solution in distilled 
water), potassium perchlorate, L.R. (2 mg/100g body wt. as a 0:5 % (w/v) solution in 
distilled water) and 4-methyl-2-thiouracil (MTU) L.R. (10 mg/100g body wt. as a fine 
suspension 50 mg/ml. in 0-01 n-NaOH) were injected intraperitoneally. In chronic experi- 
ments, KSCN 1% (w/v), KClO, 0-5 % (w/v) or a saturated solution of MTU replaced the 
tap water normally supplied to the rats. 


RESULTS 
The effects of thiocyanate and perchlorate 


Three groups of four animals (220-280 g body wt.) received 40 we of 
radio-iodide by intraperitoneal injection. One group served as controls. 
The rats of the second group were injected with KSCN 45 min before and 


TABLE 1. The effect of thiocyanate, before or 3 hr after radio-iodide injection, 
on the distribution of I in adult male rats 9 days later 


(Four rats in each group. In all tables each value given is mean + standard error of the 
mean.) 
t test of significance of 
difference (P values). 
Comparison of Groups: 
Group 2 Group 3 A 


Pp 
Group 1 Pre-treated KSCN at 1 with 2 1 with 3 2 with 3 
controls KSCN 3 hr 


Thyroid 11] 3:16+0-27 0-27+0-07 0:734+0:10 < 0-001 < 0-001 < 0-02 
(% injected dose) 

Skin 82] 0:43+0-08 0-084+0-03 0-27+0:13 < 002 NS. NS. 

(% injected dose 

Hair 11] 0-20+0-04 0514009 < 0:05 NS. < 0-05 
(% injected dose) 

% dose/g hair 0:45+0-11 0-064+0-02 0164002 <0-02 <005 < 0-05 


% dose/g new-grown 1:25+0-:36 0-:114+0-01 0:30+0-07 <005 <005 = 0-05 
hair 


again 3 and 7 hr after the injection of 44I and were given 1% KSCN 
solution to drink for the first 48 hr of the experiment (pre-treated group). 
Those of the third group received KSCN 3 and 7 hr after the *I and also 
drank KSCN solution for 48 hr (post-treated group). All animals were 
killed on the ninth day after injection. Hair, skin and thyroid gland were 
removed, weighed and their }*I contents measured. The hair was removed 
from two parts (1) new-grown hair from the left flank from which hair had 
previously been clipped at the time of injection and (2) hair from the rest 
of the body, excluding the head and the ano-genital region. These two 
regions were also excluded in removing the skin. The results are given in 
Table 1. Pre-treatment with thiocyanate causes a significant reduction in 
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the 151] content of the thyroid, skin and hair and in the "I concentration 
in hair 9 days later (Group 1 compared with Group 2 in Table 1). The values 
for the post-treated animals of Group 3 fall between those of Groups 1 and 2. 
These findings indicate that the uptake of }*‘I by the hair is dependent 
upon the action of an iodide-concentrating mechanism that can be inhibited 
by thiocyanate. In addition, the results obtained by delaying the thio- 
cyanate administration until 3 hr after the injection of ‘I show that an 
irreversible uptake by the hair has already occurred at this time. 


TaBLE 2. The effect of perchlorate administration on the I content of thyroid, 
skin and hair 9 days after injection of radio-iodide 


(Five rats in each group) 
t test of 
ificance 
of difference 
Control — Perchloratetreated (P values) 
Thyroid 1*4I (% injected dose) 2-03 + 0-20 0-02+0-01 < 0-001 
Skin (% injected dose) 0-514+0-14 0-05 + 0-01 < 0-02 
Hair (% injected dose) 0-52 + 0-12 0-18+ 0-02 < 0-05 
—% dose/g hair 0-25 + 0-05 0-09 + 0-01 N.S. 
% dose/g new grown hair 0-77 + 0-24 0-18 + 0-03 < 0-05 


In a similar experiment the effect of pre-treatment with perchlorate on 
the ‘I content of hair was examined. Five control and five experimental 
animals were used (180-200 g body wt.). Perchlorate was injected 45 min 
before and 4 hr after the injection of I and the animals drank 0-5% 
KCIO, solution for 6 days. The results are given in Table 2 and show that 
perchlorate, like thiocyanate, reduces the uptake of I by the hair. The 
expected decrease in the 1*!I content of the thyroid glands of the treated 
animals as compared with the controls was seen in both these experiments. 


The effects of methyl-thiouracil administration 

By analogy with the thyroid, the I that is already taken up by the 
hair and which cannot be discharged by thiocyanate might be present as 
organically bound iodine. The effect of MTU on the uptake of 181I by skin 
and hair was therefore investigated. 

In the first experiment four groups of three rats each (230-280 g body 
wt.) received 4 uc of radio-iodide and were killed 3 hr later. The !*4I contents 
of plasma, thyroid and skin were determined. The four groups were (1) 
a control group injected with 1!I only, (2) a group injected with KSCN 
2 hr after the injection of I, (3) a group pre-treated with MTU 45 min 
before "I injection and (4) a group receiving both MTU before and KSCN 
after the 11] injection. Table 3 shows the results obtained. Plasma 111 
levels showed the expected rise after KSCN administration; the values for 
the thyroid indicated that organic binding of iodine in the thyroid and 
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the thyroid: plasma concentration gradient for had been abolished. 
Skin content, expressed either as percentage of the injected dose or as 
millilitres plasma equivalent, and the §:P ratio are not significantly 
affected by MTU (Group 1 compared with Group 3). The fall in 8:P ratio 
and skin content as millilitres plasma equivalent after thiocyanate are 
significant as compared with the appropriate control group (Group 2 
compared with Group 1 and Group 4 compared with Group 3). However, 


TaBLE 3. The effect of MTU given 45 min before and of KSCN given 120 min after 
the injection of radio-iodide on ™'I distribution 3 hr after injection in the rat 


0-404 0-17 


(Three rats in each group.) | 
Skin 
Thyroid: as ml, 
Plasma ™I Thyroid plasma Skin ™I Skin: plasma plasma 
Group (% dose/ml.) (% dose) ratio (% dose) ratio equivalent 
1, Control 0-42 + 0-02 3:08+0-:19 | 540+33 23-7 + 3-2 1:37+0-12 5647 
2. KSCN at 0-65 + 0-07 2-04 + 0-40 204+ 41 16-8 + 0-5 0-59 + 0-03 26+2 
120 min 3 
| 3. Pre-treated 0-49+0-05 0194001 22-641-5 21-9+.1-2 1-19+ 0-06 45+6 
MTU 
4, Pretreated 0-62+0-09 0-013+0-001 15:64+2-7 0-56+0-03  25+2 
MTU, KSCN 
at 120 min 
TaBLE 4. The effect of MTU on thyroid, skin and hair content of "I in male rats 
9 days after injection of radio-iodide 
(Six rats (280-320 g body wt.) in each group.) 
| significance 
difference 
: Controls MTU treated (P values) 
Thyroid ™1I (% injected dose) 1-37+0-11 0-12 + 0-03 < 0-001 
Skin ™"[ (% injected dose) 0-33 + 0-03 0-84 + 0:39 N.S. 
Hair I (% injected dose) 0-66 + 0-08 1-27+0-20 < 0-05 
Total (skin + hair) I content 0-98 + 0-08 2-15 + 0-39 < 0-05 
% dose/g hair 0-15+0-01 0-31 + 0-03 < 0-01 
% dose/g new-grown hair 0-42+ 0-13 N.S. 


there is no significant difference between animals with and without MTU 
in respect of skin values after thiocyanate (Group 2 compared with Group 4). 
The fact that no significant difference was observed between these two 
groups could mean that the irreversible uptake of }*'I was not due to 
organic binding iodine by a mechanism that can be inhibited by MTU. 
However, this 18! fraction would be only a small proportion (5-10 %) of 
the total skin radioactivity and a difference of this order might well be 
obscured by individual variation in an experiment in which such a small 
_ number of animals is used. 
The effects of chronic MTU administration on the uptake of }*!I by the 
hair was therefore examined. Twelve rats (280-320 g body wt.) were used, 
_six controls and six animals receiving MTU 45 min before and again 5 hr 
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after the injection of 40 yc of 454I and given MTU in the drinking water for 
96 hr. The design of the experiment was otherwise identical to those 
involving KSCN and KCl0, administration. The results show that MTU 
does not reduce but may even increase the uptake of I by the hair. 
A second similar experiment on younger rats ( 180-200 g body wt.), in 
which the animals drank MTU solution for 6 days after }*'I injection, also 
gave results indicating a consistent, though in this case not statistically 
significant, increase in the !*4I content of both skin and hair (Table 5). The 
differences in thyroid ‘I content and thyroid weight show that the 
animals were receiving an effective amount of MTU. 


Taste 5. The effect of MTU on thyroid, skin and hair *'I content 
9 days after injection 


(Five rats (180-200 g body wt.) in each group.) 


t test of 
significance 
MTU of difference 
Controls treated (P values) 
Thyroid wt. (mg/100 g initial body wt.) 4:9+0-2 9-3+0°7 < 0-001 
Thyroid I (% injected dose) — 2-03 + 0-20 0-10 + 0-02 < 0-001 
Skin 1*1I (% injected dose) 0-51+0-14 0-71+0-11 N.S 
Hair I (% injected dose) 0-52 + 0-21 0-73 + 0-12 N.S 
Total (skin + hair) (% dose) 1:03 + 0-21 1-64+0-23 N.S 
% dose/g hair 0-25 + 0-05 0-35 + 0-06 NS. 
% dose/g new-grown hair 0-77 + 0-24 1-244 0-22 N.S 
DISCUSSION 


Leblond (1954) drew attention to the uniquely high iodine content of 
the hair of the rat and made several very interesting observations. He 
showed that the iodine was not present as a result of contamination with 
urine but was derived from the dietary iodine. By the use of radio-iodine 
and chromatography he showed that the radioactivity present in the hair 
5 days after injection of *1I was in the form of inorganic iodjde. The chemical 
state of the iodine in clipped hair was later confirmed by Bangham & 
Terry (1957). In further experiments Leblond showed that the hair 
iodine content of thyroidectomized rats was the same as that of normals, 
thus excluding the possibility that the iodine was reaching the hair as 
thyroid hormone which was then de-iodinated in the course of exercising 
its known stimulating action on hair growth. Our own interest in hair 
iodine arose out of studies of the iodide-concentrating mechanism of the 
_ skin of the rat (Brown-Grant & Pethes, 1959; Brown-Grant et al. 1960). 
It was observed that the 3-5% of an injected dose of !*1I that was still 
present in the skin of the adult rat 24 hr after injection decreased only 
very slowly over the next 10-12 days. The fraction of the total radio- 
activity of skin plus hair that was found in the clipped hair gradually 


increased over this period. In addition, the observations already referred : 
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to, that thiocyanate, even when given as early as 2 hr after the injection 
of radio-iodide, does not completely discharge the I from the skin, 
indicates that a rapid and irreversible uptake by the hair, possibly in- 
volving organic binding of iodine, may be occurring. 

The results of the present series of experiments have shown that pre- 
treatment with thiocyanate or perchlorate greatly reduces the uptake of 
131] by the hair. Whether these compounds are effective because of an 
effect: on the level of }*I in the skin as a whole or because of an action 
upon an iodide-concentrating mechanism in the hair follicle itself is not 
certain. The second alternative appears more likely, as the zone of high 
iodide concentration in the skin is in the lower layers of the epidermis 
away from the hair follicles and because localized areas of high 1*I con- 
centration have been observed in the region of the hair follicles in the skin 
of the rat (Brown-Grant et al. 1960). 

Thiocyanate injected 3 hr after 4!I administration does not reduce the 
level of hair }**I to that seen in animals pre-treated with thiocyanate 
(Table 1) thus confirming the existence of a rapid, irreversible uptake of 
181] by the hair. The hypothesis that this may be due to organic biriding 
of iodine such as occurs in the thyroid and the mammary gland is not 
supported by the results of experiments in which MTU was administered. 
No effect of MTU on the initial concentration of I by the skin was 
observed, nor was there any detectable change in the proportion of the 
skin 184] that could be discharged by thiocyanate (Table 3). In long-term 
experiments MTU actually increased the uptake of #*'I by the hair, though 
this increase was statistically significant only in the first of two such 
_ experiments. These latter observations are not thought to be relevant to 
the question of the metabolism of iodine by the hair follicle but simply to 
reflect the increased amount of }*1I available to the hair when uptake by 
the thyroid is blocked by MTU. Leblond (1954) reports that the ?’I 
content of the hair of thyroidectomized rats on an iodine deficient diet 
was actually higher than that of intact controls on the same diet. This 
observation may have a similar explanation. 

If it is accepted that in the present experiments MTU reached the skin 
in adequate amounts and that it was unlikely to have been rapidly meta- 
bolized there, then the lack of effect on the I content of the hair, 
together with the observation that the iodine of clipped or plucked hair is 
present as iodide, would appear to exclude the possibility that organic 
binding of iodine plays a significant part in the incorporation of iodide in 
the hair. The basis of the rapid irreversible uptake of !*"I by the hair may | 
be simply a one-way transfer of material by the iodide-concentrating 
mechanism of the cells of the hair follicle to a ‘compartment’ where the _ 
iodide is no longer in equilibrium with the blood. It is of interest, however, 
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to note that the region of the skin where "I is concentrated is one where 
the initial stages of keratin formation are occurring and that a region of 
similar biochemical activity exists in the hair follicle (Rothman, 1954). 

Ryder (1958) has shown that it is in this pre-keratinization zone of the 
active follicle that the **S-labelled cystine, that later appears in the hair 
itself, is concentrated as early as 6 min and up to 3 hr after injection. The 
interaction of iodine with the sulphydryl groups of proteins in vitro is well 
known (Hughes, 1957; Cunningham & Nuenke, 1959), but little is known 
of its role, if any, in iodine metabolism in vivo. The relative stability of the 
sulphenyl iodide groups in certain proteins (Fraenkel-Conrat, 1955) 
raises the possibility that interaction of iodine with the sulphur-containing 
amino acids which are present in large amounts in the proteins of these 
regions may be involved in the scan metabolism of the epidermis and 
the hair follicles. 


SUMMARY 


1. Thiocyanate and perchlorate markedly reduce the uptake of 1°41 by 
the hair of the rat. | 

2. When thiocyanate is given 3 hr after the injection of radio-iodide, 

the uptake is reduced but is significantly greater than in animals treated 

with KSCN before the injection of !*1I. This indicates a rapid and irreversible 

uptake by the hair. 

3. Methyl-thiouracil has no effect on the establishment of a skin : plasma 
concentration gradient for iodide. 

4. Incorporation of 1*'I into the hair is not reduced and may even be 
increased by methyl-thiouracil, owing possibly to more being available 
when the uptake of }*4I by the thyroid is blocked. 

5. These findings are discussed in relation to earlier work on the iodine 

metabolism of the skin and the hair of the rat. 


We wish to thank Professor H. P. Gilding for the opportunity given to one of us (G.P.) 
to work as a University Research Fellow in the Department of Physiology; and Mr Melvyn 
Sherwood for his assistance in carrying out this work. 
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Many reports have appeared recently on the successful use of cytochrome 
C in anoxia (Proger & Dekaneas, 1946a, b; Ammon & Fedtke, 1948; 
Klar, 1949; Bidrk, 1951; Stelter, 1953; Feinen, 1955) but the mechanism 
of its action in carbon monoxide poisoning or in other anoxiae is still 
unknown. Spett & Spioch (1958), investigating cytochrome C activity in 
acute CO poisoning in rabbits, recorded a significant increase of CO, 
elimination and a relatively smaller increase of O, uptake. They found 
that cytochrome C inhibited the fall in the alkali reserve in acute CO 
It is generally known that CO does not block cytochrome C activity but 
that it blocks cytochrome oxidase and inhibits the respiratory system 
(Warburg, 1926). The respiratory inhibition observed in vitro by Warburg 
- was at a much higher CO tension than is ever seen in vivo, which has led 
to objections being raised to his thesis that the respiratory inhibition by 
CO in vivo was due to blocking of the cellular respiratory system and of 
cytochrome oxidase in particular. These objections are supported by the 
fact that the affinity of CO for cytochrome oxidase is 2000 times less than 
its affinity for haemoglobin. Bander & Kiese (1955) were, however, able 
to block the respiratory system in isolated mitochondria at relatively low 
CO tensions, such as may be seen in vivo. 
Our object was therefore to compare the 0, consumption in tissues from 
- normal animals and from animals which had been lethally poisoned with 
CO, and to investigate the role of cytochrome C in these systems. 


METHODS 
The animals used were guinea-pigs of various strains, both male and female. They 
. weighed 200-400 g and were fed on a mixed diet. The animals were placed singly in a 
chamber (volume 144-8 |.) in which they were exposed to a CO concentration of 1% (v/v). 
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The animals showed varied individual sensitivities to CO and died within 1-5 hr. After 
death the animals were immediately dissected, and slices of brain, heart muscle and liver, 
weighing 150 mg each, were taken according to Warburg’s method (as described by Hawk, 
Oser & Summerson, 1956). The slices were placed in Warburg flasks, containing 1:9 ml. of _ 
mammalian Ringer’s solution, with air as the gas phase, and the O, consumption was measured 
during incubation for 1 hr at 38° C. To one series of flasks 0-1 ml. of cytochrome C (Cyto- 
Mack, H. meen, sécusseeeting Bayern) solution was added; the other series served as controls. 
The carb lobin concentration in the blood of the poisoned animals was 
determined by the iodonosteio method of Schmidt (1950), 
| In a second group of experiments normal animals were killed by decapitation snd brain 
slices immediately prepared. The oxygen consumption of these slices was determined as 
above, cytochrome C being added to some of the flasks. The O, consumption of both groups 
of tissue slices was expressed as ml. O,/g wet weight tissue/hr. 


RESULTS 


The oxygen consumption of slices of brain from both normal and CO- . 
poisoned guinea-pigs and of slices of liver and of heart muscle from 
poisoned animals, together with the effect of the addition of cytochrome C, 
are shown in Table 1. The O, consumption of the brain slices from poisoned 


‘animals was less than that of slices from normal ones. Similar experiments 


with slices of liver and heart muscle from normal animals showed that the 


. Tasie 1. The effect of addition of cytochrome C on the O, consumption of tissue slices 


from normal and CO-poisoned guinea-pigs. Slices of tissue (150 mg wet weight) incubated 
in mammalian Ringer’s solution with and without added cytochrome C for 1 hr at 38° C, 
with air as the gas phase 

O, consumption 


No. of (ml./g wet wt./hr) Added _ 
observa- A cytochrome C 
Tissue tions Mean > a3. (ug/g wet wt.) 
Normal brain 41 1-24 0-022 0 
12 1:23 0-026 6-0 
24 1-22 0-030 12-0 
CO-poisoned brain 55 1-0 0-024 0 
, 25 1-28 0-030 12-0 
P < 0-001 
CO-poisoned liver 20 0-64 0-024 0 
28 0-84 0-029 12-0 
P < 0-001 
CO-poisoned heart muscle 25 0-39 0-010 0 
28 0-61 © 0-015. 12-0 
P < 0-001 


values of the O, consumption of these tissues were reduced by 8-6 and 
25-0% respectively by CO poisoning. Although the addition of cyto- 
chrome C did not increase the O, uptake of brain slices from normal 
animals, in each instance, it produced a highly significant increase in O, 
uptake (P < 0-001) of slices from poisoned guinea-pigs, when added at 
the level of 12 ug/g wet weight of tissue. | 
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In Table 2 are shown the effects of various levels of added cytochrome C 
on the O, consumption of brain slices from CO-poisoned animals. The 
maximum increase in O, consumption was produced by 6-0 ug cyto- 
chrome C/g wet weight of brain, although the O, consumption was restored 
to normal by 3-0 yg cytochrome C/g wet weight of brain. Levels of 
24-0 wg or more of cytochrome C/g wet weight of brain failed to increase 
the O, consumption of CO-poisoned brain slices. 

A mean level of 0-140 ml. of CO/ml. blood was found in the. poisoned 
animals. If the mean haemoglobin content of guinea-pig blood is taken 
as 13-0 g/100 ml., then over 80% of the haemoglobin was saturated with 
CO in the poisoned animals. 


TaBLE 2. Oxygen consumption of brain slices from CO-poisoned guinea-pigs, incubated 
at 38° C, with air as the gas phase, in the presence of various amounts of added cytochrome C 


Added cytochrome C 0 1-5 3 6 12 24 50 
(ug/g wet wt.) 

No. of observations 55 21 22 44 25 4 1] 

Mean O, consumption 1-0 0-96 1-22 1-50 1-28 1-1] 1-07 
(ml./g wet wt./br) 

S.E. 0-024 0-022 0-022 0-014 0-030 0-045 0-024 

>005 < 0-001 < 0-001 < 0-001 >005 > 0-05 


* The value of Prefers to the difference between the results with various additions of 
cytochrome and those without added cytochrome. 


DISCUSSION 


These findings show that the fall in O, consumption by tissue slices, 
produced by CO poisoning of the animals, can be reversed in vitro by the 
addition of cytochrome C. The optimum level of added cytochrome C for 
brain slices was 6-0 ug/g wet weight tissue, which may be compared with 
the finding of Niebréj, Spett & Spioch (1959) that a dose of 5-0 ug cyto- 
chrome C/g body weight prevented the fall in blood alkali reserve in CO- 
poisoned guinea-pigs. 

The mechanism of the cytochrome C activity in increasing 0, consump- 


tion in CO-poisoned tissues may be explained by supposing that it increases — 


the cytochrome oxidase activity (Feinen, 1955: Lang & Feinen, 1951; 
Stelter, 1953), possibly by preventing the increase in the threshold level 
of oxygen tension necessary for the cytochrome oxidase to act. Such an 
increase in. threshold oxygen tension was observed by Bander & Kiese 
(1955) at tissue CO tensions of 0-5-2-0 mm Hg. : 

The increase in O, consumption of brain slices to levels above the normal, 
which can be produced by cytochrome C when added to CO-poisoned 
slices, may be analogous phenomenon to the O, debt accumulated after 
severe exercise. In both cases there is a disproportion between the O, 
requirement of the cells and the amount of O, which is being supplied. 
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Cytochrome C has the effect of reducing this disproportion in CO poisoning 
by increasing the availability of O,; it is without effect on normal tissue 
slices because there is no lack of available O, for the cellular oxidation 
processes. 

Lastly, the results presented here show that the reduction in O, con- 
sumption of tissue slices produced by CO poisoning of the animal is not 
due to irreversible changes in a proportion of the cells, since this reduction 
can be completely reversed by the addition of cytochrome C. The reduction 
in O, consumption must be due, therefore, to an inhibition of the cellular 
respiratory system. 


SUMMARY 


1. The effect of adding cytochrome C on the O, consumption of brain, 
liver and heart muscle slices from guinea-pigs poisoned with CO has been 
investigated by a manometric method. 

2.. The results show that CO causes a decrease in the O, consumption 
of slices from these three organs and that cytochrome C can reverse this 
effect when added in vitro. The increase in O, consumption produced by 
cytochrome C in poisoned tissues was 28:0°% for brain, 31-2% for liver 
and 56°4°, for heart muscle; these results were all highly significant. In 
brain, normal O, consumption was restored by 3-0 ng cytochrome C/g wet 
weight of tissue, while a level of 6-0 wg increased it above normal. Thus 
this effect of CO poisoning is reversible. 

3. Cytochrome C, when added in vitro, had no effect on the O, con- 
sumption of normal brain slices. 


REFERENCES 


me oe R. & Fepr«e, H. (1948). Untersuchungen iiber das Cytochrom C. Med. Wachr. 
4 
Banper, A. & Kress, N. (1955). Die Bedeutung der Wirkung des Kohlenoxyds auf die 
Zellatmung fiir die Kohlenoxydsvergiftung. Klin. Wechr, 7, 152-155. 
Briorx, G. (1951). Notes on the therapeutic usefulness of "da icematail catalyst particularly 
cytochrome C in hypoxic conditions. Cardiologia, 18, 1 
Frtnen, F, J. (1955). Die Wirkung von Cytochrom C pve Narkose und verschiedenen 
Sauerstoffmangelzustanden. Dtsch. med. Wschr. 80, 146-148. 
Hawk, B., Osrr, B. L. & Summerson, W. H. (1956). Practical Physiological Chemistry. 
London: J. and A. Churchill, Ltd. 
Kiar, E. (1949). Uber die Behandlung der Kohlenoxydvergiftung mit sete C und 
Eisenporphyrin. Med. Machr. 6, 433-436. 
Lana, K. & Fernen, F. J. (1951). Die Wirkung haufig wiederholter Injektionen von Cyto- 
chrom C auf den Gehalt der Organe an Cytochromoxydase. Biochem. Z. 343, 511-513. 
Nresrog, I., Sperr, K. & Sprocn, Fr. M. (1959). The influence of cytochrome C on the level 
of alcali reserve in guinea pigs acutely poisoned by carbon monoxide. Pol. med. Wkly, 
14, 1000-1002. 

Proger, 8. & Dexanzas, D. (1946a). The use of cytochrome C in cobitieblnn tissue anoxia. 
Science, 104, 389-390. 


31 3 PHYSIO. CLII 


aig 
- 
j 
‘ 
» 


486 J.S. DUTKIEWICZ AND OTHERS 


Procer, 8. & agar . (19466). Some effects of injected cytochrome C in myocardial 
anoxia in man. J. Pediatr. 29, 729. 

Scumipt, J. (1950). Kohlenoxyd, pp. 319-321. Leipzig: Akad. Verlagsgesellschaft 
Geest und Portig K 

Sperr, K. & SPIOcH, on M. (1958). The influence of cytochrome C on O, consumption and 
co, elimination in rabbits poisoned by carbon monoxide. Pol. med. Wkly, 13, 2128-2130. 

StevTer, R. (1953). Zur Therapie der akuten Kohlenoxydvergiftung mit Oytochrom C. 

Medizinische, 11, 325-327. 
Wanrsura, O. (1926). Wirkung des CO auf den Stoffwechsel der Hefe. Biochem. Z. 177. 


4 Wi 
Prit 
4 
ae 
a 
ily 
the 
& 
0 
rl 
sul 
vit 
19. 
tne 
4 re] 
ap 
li 
po 
Es. 
Oi 
: re 
19 
pe 
sti 
> 
in 
efi 
st 
§ ar 
in 
pe 
4 
18 
re 
tr 
be 
; 


| 


J. Physiol. (1960), 152, pp. 487-505 487 
With 2 plates and 10 teat-figures 
_ Printed in Great Britain 


GRADED POTENTIALS OF BREAM RETINA 


By P. GOURAS* 
From the Physiological Laboratory, University of Cambridge 


(Received 18 January 1960) 


The large-amplitude graded potentials which can be obtained following 
illumination of fish retina were first reported by Svaetichin (1953). Although 
there is still evidence (Oikawa, Ogawa & Motokawa, 1959) to support the 
original hypothesis that they represent the activity of single cones, most 
subsequent studies have concluded that their source is located in more 
vitreal regions of the retina (Tomita, 1957; MacNichol & Svaetichin, 
1958; Tomita, Murakami, Sato & Hashimoto, 1959). The amplitudes of 
these responses range from 10 to 30 mV and they are superimposed upon 
a negative d.c. potential of 10-50 mV. Two distinct types have been 
reported, a predominantly negative potential whose amplitude varies 
approximately linearly with the logarithm of the intensity of the stimulating 
light (Svaetichin, 1953) and a less common response which changes 
polarity with wave-length (Svaetichin & MacNichol, 1958; Motokawa, 
Oikawa & Tasaki, 1957). 

This investigation is concerned with bream retina, which was originally 
reported to have the negative intraretinal potentials only (Svaetichin, 
1953), but which will also be shown to exhibit responses that reverse 
polarity when the intensity of illumination is changed. Factors have been 
studied which would give an indication of the anatomical structure involved 
in the production of these graded intraretinal potentials, including the 
effects of light intensity, stimulus area, and electric current. Histological 
stains were employed in order to locate the position of the recording pipette 
and to examine retinal structures at this site. Spike activity in the 
immediate vicinity of the micro-electrode recording graded intraretinal 
potentials is described. Evidence is given to indicate that both the 


_ threshold and the effective stimulus area of the graded intraretinal potential 


is greater than what would be expected of the response of a single photo- 
receptor. Histological evidence strongly supports the hypothesis (Mac- 


_ Nichol & Svaetichin, 1958) that the source of these potentials resides near 


the horizontal cell layer of fish retina. The electrical resistance of the struc- 
ture across which these potentials are generated is relatively low and may 
be responsible for the ineffectiveness of current in altering the response. 
* National Foundation Fellow. 
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METHODS 


Preparation, The results presented in this paper have been obtained from the excised 
retinas of bream (Abramis brama) but in the few studies in vivo of the e.r.g. anaesthetized 
animals were also used. Similar responses were obtained from the retinas of roach, trout, 
carp and tench but are not included in these results. The posterior hemisphere of the excised 
eye was cut in half and a strip of retina measuring about 10 x 6 mm at its widest margins 
was lifted away from the pigment epithelium, a manoeuvre facilitated by prior dark adapta- 
tion. The flat segment was mounted with its vitreal surface down on a thin cover-slip in the 
bottom of a Perspex chamber (Text-fig. 1), into which moistened oxygen was continuously 
pumped at a temperature of 18-22° C. The recording or stimulating micro-electrode was 
introduced through a circular hole in the movable upper section of the chamber while the 
secondary lead entered through a wax-sealed opening on its lateral side. The chamber was 


E1 


$ D2 
M | 
L2 L1 
Text-fig. 1. Apparatus: D1, variable stops imaged on retina by L2; £1, micro- 
electrode; #2, reference electrode; F, tungsten filament imaged at S by L1; 
1, condensing lens; L 2, focusing lens; M, front-face mirror; S shutter. 


held in a mechanically driven micro-manipulator to facilitate electrode positioning and _ 


focusing of the stimulating light spot. The light entered through the bottom of the chamber 
and the vitreal surface of the retina, as in the intact eye. The entire preparation was viewed 
with a dissecting microscope at a magnification of x 40. 

Optics. The light source was a 6 V 36 W car head-lamp with a coiled tungsten filament. 
It was operated at 6 V d.c. and monitored by a voltmeter in parallel with the bulb. The 
filament was focused by lens [1 on a flag shutter S where the beam could be readily inter- 
rupted (Text-fig.1) by a hand operated electric relay. The lens L1 was focused on the 
preparation by lens L2, which was so positioned as to intercept the entire beam entering 
the diaphragm D2. Diaphragms of different diameters or neutral filters were interposed 
immediately in front of lens L1 to control either the area or intensity of illumination. The 
maximum illumination of the preparation measured by a Salford Electrical Instruments 
exposure photometer was approximately 21,000 lm/m‘?. 

Electronics. The most frequently used electrodes were 3 M-KCl single and double barrelled 
micropipettes with resistances of 5-20 MQ. Pipettes filled with potassium ferricyanide 


and saline (0-9 % w/v) solutions were also employed. Electrochemically sharpened tungsten _ 


micro-electrodes, insulated up to 5-104 from the tip, were used routinely to record high- 
frequency impulse activity. The secondary junctions were chlorided silver wires which led 
to the customary cathode-follower input stage with grid current of 10-" A. The chlorided 
silver wires were checked before experimentation for photo-electric effects. Direct coupling 
was used at all times for the study of low-frequency activity. The amplified signals were 
photographed from the tube face of a Cossor oscilloscope. Electric current was passed 
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through one barrel of a Y-shaped double-barrelled pipette, by means of a variable 122 V 
dry-cell battery in series with a 1000 MQ Victoreen resistor, which was used to minimize 
current changes due to changes of the electrode’s resistance. Most electrodes tolerate the 
passage of as much as 0-1 »A without marked changes in their resistances, but higher 
values proved more difficult, especially with electrodes having resistances greater than 
5 MQ. The most elusive property proved to be the coupling resistance, which varied not 
enly from electrode to electrode, but also with the electrode’s position in the tissue. The 
coupling resistances of most electrodes, as measured either in saline or on the surface of 
the retina, ranged from 50 to 200 kQ but this value invariably increased markedly with 
subsequent insertion into the retina. Nevertheless, coupling resistances were never recorded 
high enough to reduce current passed through the electrodes by more than 50 % and usually 
a much smaller reduction occurred. 

Histology. In order to locate the position of the recording pipette a staining technique 
identical to that recently reported by Tomita (1959) was used. Micropipettes were filled with 
a saturated solution of potassium ferricyanide and selected for resistances of 1-2 MQ to 
provide large current-carrying capacity and at the same time to retain the ability to record 
the typical intraretinal graded potentials. The technique consisted in stopping the insertion 
of the micro-electrode immediately after recording the first graded potential, disconnecting 
the cathode-follower heater supply to prevent current leak, passing 1-2 »A for 1 min, 
quickly withdrawing the electrode and almost simultaneously dropping ferrous sulphate 
solution over the recording site. With the aid of the dissecting microscope, a small blue spot 
could be seen forming when current durations longer than 30 sec were used. To facilitate 
later sectioning the electrode tip was thereupon broken and the blunt end relowered to the 
surface of the retina in order to form a large marking spot. The size and density of the 
ferroferricyanide precipitate was dependent upon the time elapsing between the electro- 
phoresis of the ferricyanide ion and the application of the ferrous salt. Only very faint spots 
were obtained when this duration exceeded 2 min. If the ferrous ions were applied 
before the electrode was withdrawn from the retina, however, the precipitate was formed 
principally at the electrode’s tip and would be dislodged proximally upon withdrawal. 
The segments were fixed in Susa’s reagent, imbedded in paraffin and sectioned at a thick- 
ness of 20. These sections were stained with haematoxylin and eosin. Other sections of 
normal retina were studied with Azo carmine, iron haematoxylin and Van Gieson stains. 


RESULTS 

Low-frequency response of bream retina 

If the conventional e.r.g. is recorded from the intact bream eye, the 
characteristic a-, b-, and d-waves are readily obtainable, as is shown in 
Text-fig. 2. The b-wave is largest after dark adaptation, as Day (1915) also 
reported to be the case in pike. A slowly developing positive c-wave can 
also be seen in Text-fig. 2. A few minutes after excision, however, the 
b-wave rapidly declines and the residual e.r.g. becomes diphasic, with a 
maintained negative wave at ‘on’ followed by a transient positive ‘off’ 
response. Such a change, presumably the result of deterioration, prompted 
the earliest retinal physiologists to study the amphibian retina, where 
similar changes are not seen for many hours after dissection (Day, 1915). 
If the excised fish eye is quickly opened and the extracted retina placed 
in an oxygenated moist chamber, the following pattern is observed. When 
the area of stimulation is less than approximately 3 mm in diameter a 
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micro-electrode on the photoreceptor surface will record a maintained 
positive wave during illumination and usually a transient ‘off’ response 
of opposite polarity. If either the area is increased, or the electrode is 
moved to an unilluminated region or if the retina itself is damaged, as, for 
example, after the electrode’s insertion and withdrawal, the surface 
response will invariably become negative and can then reach amplitudes 
as large as 2mV. 

Accompanying the insertion of a micro-electrode into the retina from 
either the photoreceptor or vitreal surface there is an initial increase in 
its resistance of as much as 50 MQ. If at this point the electrode is lowered 
further or if the table is gently tapped, the resistance is usually suddenly 
diminished and large graded photic potentials of 5-35 mV appear, super- 


— — —_ 


Text-fig. 2. E.r.g. in vivo after dark adaptation. Light stimulus begins at upward 
deflexion of lowest trace and ends at downward deflexion. Cornea positivity is up- 
ward on trace. Recording d.c. ‘Off’ response is 350 »V. Respiratory artifacts 
are visible. In all figures, time marker 1 sec. 


imposed upon a negative d.c. potential of 5-50mV. Only a negligible 
portion of this d.c. change is attributable to grid current. The over-all 
pattern of these events is ubiquitous across fish retina. With any given 
response there is a limited duration for which it can be maintained and 
within a few minutes there is always a reduction in the size of both the 
graded and d.c. potentials. The larger responses are more susceptible to this 
deterioration and often diminish markedly in a few minutes. Responses 
of 5-10 mV are readily obtainable with electrodes having tip diameters as 
large as 20, whereas the larger responses require fine micro-electrodes. 
Text-figure 3 shows a typical 25 mV negative response to an intermittent 
light appearing superimposed on a negative 12 mV d.c. potential upon 
lowering the electrode. At the arrow the electrode is gradually withdrawn 
and the response increases transiently. With further withdrawal the 
response diminishes together with the concomitant d.c. potential. The 
surface-negative response is now larger than the one elicitable: before 
insertion. If the electrode is reinserted into the same area similar responses 
are reobtainable, but seldom are they as large. If the electrode is moved 
to a region only 200 » away, however, larger responses are again obtainable. 
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If it is lowered deeper after a characteristic response is recorded, the 
response will gradually diminish together with its d.c. potential. Two or 
three such responses may be obtainable in a single traverse, as noted by 
Oikawa et al. (1959). Upon withdrawal, the same sequence of events may 
be reversed but the responses are invariably smaller. Such a pattern is 
also found when the micro-electrode is inserted from the vitreal side, but 
the responses are never as large as they are in the approach through the 
photoreceptors. The resistant hyalo-vitreal membrane of fish eye, upon 
which the retinal vessels course (Rochon-DuVigneaud, 1943), may be 
responsible for this difference. As a consequence, most results are based 
upon recordings obtained from the approach through the photoreceptors, 
and the vitreal approach was only used in later attempts to facilitate 

locating the site of the micro-electrode tip by iontophoresis. | 


Text-fig. 3. Graded potential. Negativity upwards. Lowest trace, stimulus 
artifact; light ‘on’ when trace up. Maximum photic response 25 mV. 


There are all gradations in the size of these potentials, from those that 
appear identical to the low-amplitude surface response to others as large 
as 35 mV. There are also differences in configuration, although they can 
be classified into two types representing extremes between which all 


intermediary responses are found. At one extreme is a predominantly 
negative response, which is the most frequent and the largest, obtainable 


from bream retina (Text-fig. 3). At the other extreme is a response which 
at supramaximal levels of stimulation is also negative but at cessation of 
illumination exhibits a marked positive after-potential or ‘off’ response. 
This positive after-potential is very sensitive to the duration of illumination, 
being both larger and more accelerated with longer periods. A plot of 
response amplitude of this ‘off’ response against duration of illumination 
reveals an almost linear relationship up to periods of 5 sec, where a plateau 
is reached. Such a response is shown in Text-fig. 4, where the largest and 
most rapidly developing after-potentials are seen to follow the longest 
period of illumination. Svaetichin (1953) has also reported an acceleration 
in the rise and decay times of these intraretinal potentials, which occurred 
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serve to demonstrate that this effect is not cumulative but immediate and 
transient. Such a dependency of ‘off’ responses on the duration of the 
preceding period of illumination has also been observed by Adrian & 
Matthews (1927) and Granit & Riddell (1934) in the amphibian e.r.g. 
‘The effect of intensity on response amplitude. The amplitude of the intra- 
retinal potentials of bream retina have been reported to vary linearly with 
the logarithm of the light intensity up to a saturation point at high in- 
tensities (Svaetichin, 1953). Absolute measurements on the level of retinal 
illumination, within which this linear relationship holds, are lacking. 
Although Mitarai & Yagasaki (1955) have reported increases in the d.c. 
potential, the effect of light adaptation has been found to be negligible 
(Svaetichin, 1953). It was considered important to determine the lowest 


a — — 


Text-fig. 4. Graded potential with ‘off’ response. Voltage calibration as Text- 
fig. 6. Negativity upwards. Lowest trace, stimulus artifact; light ‘on’ when 
trace up. 


level of retinal illumination at which: these responses are recordable, the 
level within which they vary linearly with the log. intensity and the 


point at which saturation occurs. During this study negative after — 


potentials which were dependent upon the intensity of illumination were 
noted. These latter effects are not considered adaptational in that they 
curtail the maximal elicitable response rather than the sensitivity. The 
entire retinal segment was illuminated in order to obviate the marked 
dependency of these potentials on stimulus area (Tomita, Tosaka, Wata- 
nabe & Sato, 1958; Oikawa et al. 1959). The stimuli were flashes of 1—5 sec 
duration. Because of the diversity in response amplitude and configuration, 
as well as the inevitable deterioration that occurs with a prolonged study 
of an individual response, the following criteria were adopted in selecting 
data. Only predominantly negative potentials of greater than 15 mV with 
maximal stimulation were studied and responses which were not main- 
tained almost constant to a submaximal stimulus throughout the test 
period were discarded. The latter criterion was the most difficult to attain 
because the test’ period lasted longer than 3 min, during which time there 


was frequently a diminution in the amplitude of the larger potentials. 
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Text-figure 5 shows the result of this study where response amplitude is 
plotted as a percentage of the maximum response in order to minimize 
scatter. The responses are detectable only with difficulty below a retinal 
illumination of 0-1 lm/m*, but vary almost linearly with the logarithm 
of the light intensity from 1 lm/m? up to retinal illuminations of 1000 lm/m?, 
where saturation occurs. The decrease in response amplitude with high 
intensities represents the effect of both deterioration and the superposition 
of responses on a lingering after-potential. Text-figure 6 demonstrates a 
set of typically negative responses to increasing intensities of illumination. 
After-potentials characterized by an elevation of the negative d.c. potential 
occur minutes after intense 1-2 sec flashes. If threshold stimuli are given 
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Text-fig. 5. Graph of amplitude of graded negative potentials plotted against 
retinal illumination. Semi-log. scale. 


during a negative after-potential, the amplitudes of the threshold responses 
are uichanged, indicating that there is no change in sensitivity. In 
addition to the negative after-potential, another change can be seen to 
occur with increasing intensities of stimulation. At 35 lm/m? there is an 
initial transient at the beginning of stimulation. Such a transient is also 
apparent at 350 lm/m?, but is lost at higher levels of illumination. This is 
shown in its most exaggerated form in the case of responses with large 
positive after-potentials demonstrated by Text-fig.7. Stimulation with 
3 lm/m? (A) produces a maintained positive potential but with an initial 
negative transient at the beginning of illumination, as in the case of the 
response of Text-fig. 6. With 350 lm/m? (C) the response becomes negative 
during illumination but also has an: initial transient. At cessation of 
stimulation there is a marked positive ‘off’ response. With 1900 lm/m? (B) 
the initial negative transient disappears and the response is almost a 
square negative wave during illumination and a rapidly developing 
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‘positive after-potential at ‘off’. If a second stimulus is delivered during 
the course of the positive after-potential the amplitude of the negative 
wave is correspondingly greater. It can be seen that despite the thousand- 
fold increase in stimulus intensity the amplitude of the positive after- 
potential is fixed, although its duration varies considerably. There appears 
to be a saturation point that is rapidly reached at both the positive and 
negative levels of these intraretinal responses, so that any additional 


Text-fig. 6. Graded response to A 0-2, B 3, OC 35, D 350, H 1900, F 5300, G 21,000 
and 0:2lm/m? terminally. +10mV calibration at F. upwards. 
Lowest trace, stimulus artifact; light ‘on’ when trace up. 


A B C 
Text-fig. 7. Graded response. A 3, B 1900 and terminal 3 lm/m?, C 350 lm/m*. 


d.c. potential at beginning of A trace, reduced at OC, Voltage calibration as Text-fig. 6. 
Negativity upward. Lowest trace, stimulus artifact; light ‘on’ when trace up. 


increase in stimulus intensity serves only either to prolong the duration 
or to accelerate the rise or fall times of the response. The initial negative 
transient and the prominent ‘off’ response may indicate that the positive 
component of this response develops and decays more slowly than the 
negative component, in a manner similar to the mechanism proposed for 
the positive component of the colour response of Mugil retina (MacNichol & 
Svaetichin, 1958). The delay in the development of this component may 


also explain the noticeable dependency of the positive after-potential on 


the duration of illumination. 


The effect of area on response amplitude. Two previous studies (Tomita 
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et al. 1958; Oikawa et al. 1959) have reported the marked dependency of © 
these intraretinal potentials on the area of stimulation. The earlier workers, 
employing an illumination of about 200 lm/m?, noted that they became - 
very small when the diameter of the light spot was 0-2 mm, and increased 
in amplitude progressively to diameters of 3:2mm. The subsequent 
workers, although not stipulating light intensity, found two different 
patterns with increasing areas of stimulation. The most common was 
similar to that which Tomita et al. (1958) described, in which the response 
amplitude increased up to diameters of 1-5—-2:0 mm. A second, less common 
pattern, obtainable only with electrodes having tips finer than 0-2, in 
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Text-fig. 8. Graph of amplitude of graded responses plotted against diameter of 
retina stimulated with supramaximal, submaximal and threshold illumination. 


diameter, showed no increase in response amplitude with diameters greater 
than 0-16 mm, although changes in the after-potentials were observed. 
As a result of this and additional histological evidence Oikawa et al. (1959) 
attributed the latter responses to cones. | 

In this study the effect of area was also investigated but with more 
attention being given to ‘the intensity of stimulation. The criteria for 
selecting responses were identical to those of the previous section. Stimu- 
lating spots of gradually increasing diameters were focused on the retina 
around the micro-electrode, and the effective area for a response was 
defined as the area beyond which illumination produced no increase in 
response amplitude. Text-figure 8 shows the results with amplitude again 
being plotted as percentage of the maximum response. Despite supra- 
maximal stimulation, a retinal area of greater than 2 mm in diameter has 
to be illuminated in order to obtain a maximal response. This value must 
be a lower limit of the effective area of the structure generating the intra- 


retinal response. Complete elimination of non-focal stray light can only — 
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increase this value and focal stray light can be considered inconsequential. 
On the other hand, with stimuli only slightly above threshold the effective 
area is found to include the entire retinal segment. In this case focal stray 
light fhay be a contributing factor in increasing the limit, whereas non- 
focal stray light can be disregarded. Nevertheless, the area influencing 
the generator of the graded intraretinal potentials must be considered 
relatively large, having a lower limit diameter of 2 mm and an upper one 
of at least 8-10 mm. The small receptive fields described by Oikawa et al. 
(1959) were not encountered. The fact that these investigators did find 


Text-fig. 9. Graded response and adjacent spike activity. Graded response 7 mV 
and spike amplitude 50 nV. Negativity is upward for upper trace, downward 
for lower. Upward artifact on upper trace indicates light ‘on’ and downward 
light ‘off’. 


were operating in the plateau of the intensity-amplitude curve, above 
retinal illuminations of 1000 lm/m?. 

‘There is a marked similarity between this result and that obtained by 
Wirth & Zetterstrém (1954) in their study of the effect of area on the size 
of the cat’s e.r.g. In order to obtain an e.r.g. having the characteristic 
features of the high-intensity response it was necessary to stimulate the 
retina with diameters of 3-5 mm, and with stimuli less than 2mm in 
diameter no e.r.g. could be recorded. 


High-frequency unit activity 
‘Spikes’ are easily recorded with insulated tungsten eisdibibuitieodce 
from either the vitreal or photoreceptor surfaces of bream retina. The 
responses in general resemble those of ganglion cells of other vertebrate 


retinae (Hartline, 1938; Granit & Svaetichin, 1939). One noteworthy — 


characteristic encountered in the study of discharges at the vitreal surface 
is their frequent sensitivity to the pressure of the recording electrode. 
Gradual and continued pressure can produce discharge rates of 200-300/sec 
in a reversible manner similar to what Alanis & Matthews (1952) described 
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of central neurones. The activity recorded at the photoreceptor surface is 
of more interest, however, in that it would appear to represent propagated 
responses of layers more external than the ganglion cells. Although spikes 
are obtained at the photoreceptor surface, they are always increased in 
amplitude by inserting the electrode into a retinal region within or just 
beyond which the large intraretinal potentials are recorded. With stimuli 
greater than 2000 lm/m? the ‘spikes’ at this location are invariably ‘off’ 
units, which always maintained a spontaneous rhythmic discharge in the 
dark. Simultaneous recordings of both the graded intraretinal potentials 
and the neighbouring spike activity are shown in Text-fig. 9. At this level 
of retinal illumination the graded potentials are all negative during the 
period of illumination, as described previously, and respond at ‘off’ with 
varying after-potentials. Spike activity always decreases during illumina- 
tion and increases at ‘off’ in direct relationship to the positive after- 
potentials of the graded response. Single units can be maintained relatively 
constant as long as 2 hr after dissection. With prolonged study, however, 
a change occurs in the discharge, initially noticed as an increased frequency 
of firing in the dark. Illumination is only able to curtail the discharge 
momentarily, after which there is inevitable escape. Eventually the unit 
disappears in a high-frequency discharge in the dark and can only be 
made to fire during illumination. This rapid increase in frequency with 
subsequent cessation of activity is similar to depolarization or cathodal 
block described of other nerve cells (Eccles, 1957), but although temporarily 
offset by illumination, is irreversible in the case of these cells. The ampli- 
tudes of the ‘spikes’ are inversely related to the frequency of firing, being 
smallest during the brisk ‘off’ response as seen in Text-fig. 9, and largest 


when firing slowly. 


Location of the micropipette and histology of bream retina 

In order to determine the intraretinal region from which the graded 
potentials are best obtainable, the Turnbull’s blue-staining technique de- 
scribed above was used (Tomita et al. 1959). The earliest attempts revealed 
_ that the external nuclear layer of the retina has to be penetrated before 
the large graded responses are obtainable (Pl. 1A). Subsequent stains pro- 
duced by electrodes introduced from the more difficult vitreal approach 
were localized in the horizontal cell layer, without any evidence of disrup- 
tion or dye in the region of the outer or inner limbs of the photoreceptors 
or in the external nuclear layer, confirming the observations that these 
layers are not the source of the large graded potentials (Pl. IB). 
Reduction in both current intensity and duration of iontophoresis produced 
the smallest stain obtainable in this study (Pl. IC) which is less than 
30. at its widest diameter and is located almost entirely at the horizontal 
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cell layer of the retina. Six successive attempts with this technique were 
localized in this region of the retina. 

The prominence of this cell layer in fishes was observed by early retinal 
histologists (Schiefferdecker, 1886). Although working predominantly 
with information obtained from macerated material Schiefferdecker 
compiled the comparative anatomy of the vertebrate horizontal cell layer. 
In fishes individual cells are flat and stellate in appearance with processes 
as long as 500. The cells are reported to form three distinct and almost 
continuous layers beneath the external plexiform layer. Mammals are 
_ second only to fishes in the prominence of this retinal layer, which is least 
developed in amphibians. The existence of intercellular anastomoses, 
observed by most early. histologists, has been subsequently refuted by 
Polyak (1941), but only recently resupported by Chalissery (1955). 

The present histological studies show that the horizontal cell layer of 
bream retina forms an almost continous sheet of closely packed cells 
extending immediately beneath the external plexiform layer. The diameter 
of the somata of the largest cells is 40u if a 20% shrinkage factor is 
assumed. Plate IIB shows a tangential section through the somata of 
these cells, revealing the layer as the micro-electrode ‘sées’ it. Between 
their hexagonal somata are oval extracellular spaces through which the 
fibres of both Miiller and bipolar cells have been reported to course, the 
former to form the external plexiform layer. The large processes of the 
horizontal cells extend from their bipolar surface to run both horizontally 
and vertically interdigitating in a dense network at the outer surface of 
the bipolar cell layer. Plate II A reveals such a single process extending 150 
from its soma, which is visible in the same section. It can also be seen 


that in any one vertical section the somata of the horizontal cells overlap, — 


forming what may have been interpreted as more than one layer by 
investigators using macerated preparations. With these staining techniques 


it was never possible to discern intercellular anastomoses between adjacent 
horizontal cells. 


The effect of electric current 

If these graded intraretinal potentials represent the transmembrane 
potentials of single cells it would be expected from analogy with receptor 
and post-synaptic potentials (Eccles, 1957) of more extensively studied 
nerve cells that alterations in the d.c. potential would produce alterations 
in response amplitude. MacNichol & Svaetichin (1958) have already 
reported that 10-* A passed through the recording barrel of a micropipette 
failed to effect the response. If the response is intracellular, then either 
_the membrane potential was not changed sufficiently by the current 
because of the cell’s low total resistance, or the generator of these potentials 
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is an active ionic movement independent of membrane potential, some- 
what analogous to what Lundberg (1956) reported of salivary-gland cells. 
If the recorded response is extracellular the explanation is simplified, 
because the current would then produce little change across the active 

membrane. 

These possibilities can be investigated by the use of double-barrelled 
electrodes, which allow membrane potential to be measured simultaneously 
with the passage of current. The most difficult problem associated with 
this measurement proves to be the coupling resistance between the barrels 
of the electrode. The coupling resistance is lowest at the surface of the 


retina (25-200 kQ2) and largest during insertion (up to 100 MQ). The most 


Text-fig. 10. Graded potentials while 1-2x10-’A being passed through one 
barrel of double-barrelled pipette. Two different responses: left, hyperpolarization 
and decrease in negative response; right, depolarization and increase in negative 
response. Voltage calibration as Text-fig. 6. Negativity — Lowest trace 
stimulus artifact; light ‘on’ when trace up. 


typical sequence is to record an enormous increase in coupling resistance 
just before recording the d.c. potential and the large graded responses. 
At this point the coupling resistance suddenly drops to approximate to 
the surface value. To obtain the total resistance of the hypothetical cell, 
the coupling resistance as measured at the surface of the retina is sub- 
tracted from the resistance measured during the recording of the large 
graded response. The resistances so caloulated range from 10 to 200 kQ 
and are obtained with currents as great as 10-7 A. Because of these 
relatively low values, current of 10-7 A is unable to alter the resting 
potential by more than 10-20 mV. In two cases, however, the response 
was altered with maximum current intensity. Text-figure 10 shows a 
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reduction of 1:5 mV in the amplitude of a negative response produced by 
inward current of 10-7 A. In a second case outward current increased the 
amplitude of a similar response by 0-5 mV. This alteration of response 
amplitude is in the direction that would be expected for intracellular 
responses resulting from permeability changes of a cell membrane. It 


may be equally explicable, however, by a decrease in resistance due to 


illumination of a structure across which the current is passing. A decrease 
in the radial resistance of frog retina has been proposed to explain changes 
in the amplitude of the b- and d-waves of the e.r.g. with polarizing currents 
(Brindley, 1956) and a decrease in the resistance of goldfish retina during 
illumination has recently been found (‘Tasaki, 1960). 


DISCUSSION 


In favour of the view that these intraretinal potentials are intracellular 
are the resting negative potential, the large amplitude of the graded 
potential, the tendency for both to deteriorate concomitantly and rela- 
tively rapidly when recorded with even fine pipettes, and the individuality 
of response pattern at different regions of a completely illuminated retina. 
Against it are Tomita’s (1957) simultaneous recording of graded responses 
from both barrels of a concentric micro-electrode, the tips of which were 
separated by 50, the fact that they are obtainable with relatively large 
electrodes (20. diameter), that receptive fields include at least half of the 
retina, that intracellular spikes are absent and that the response amplitude 
tolerates extremely large currents. | 

Measurements with double-barrelled pipettes indicate that the resistance 
between the recording electrodes is 10-200 kQ greater than the surface 
measurement when the recording pipette is in that region of the retina 
where the large graded potentials are found. This increase in resistance 
can be attributed to either the micro-electrode’s mechanical alteration of 
the retinal tissue, or its encroachment upon a high resistance structure, 
or its entrance into an electrically isolated intraretinal compartment. The 
latter hypothesis is supported by the following facts. The change in re- 
sistance occurs concomitantly with the appearance of a steady negative 
potential of 5-50 mV, which is independent of the position of the external 
reference electrode; that is, the d.c. potential exists when the retinal 
segment is completely submerged in a conducting solution. This negative 
potential, the large graded responses, and the increased interelectrode 
resistance occur suddenly and after only a slight movement of the recording 
pipette, observations which seem more explicable by a compartment 
hypothesis. There is a gradual and greater increase of interelectrode 
resistance just before the appearance of the above phenomenon, which 
seems more attributable to either mechanical changes or the pipette’s 


| of 
in 
pl 
| ce 
st 
10 
| fo 
la 
al 
| he 
al 
if 
he 
tr 
st 
hs 
ho 
t 
fis 
re 
al 
de 
; ne 
re 
Cé 
SI 
dk 
d 


RESPONSES OF FISH RETINA 501 


approaching a high-resistance structure. This change occurs at the region 
of the photoreceptor nuclei as indicated by the marking techniques and 
may be due to a structure similar to the R membrane reported to be present 
in frog, rat and rabbit retina (Brindley, 1958). , 
Iontophoretic stains locate this hypothetical compartment at theexternal 
plexiform or horizontal cell layers. Histology reveals that the horizontal 
cells of fish retina are relatively large and also form a compact tangential 
structure shunted only by cylindrical extracellular spaces which form 
10-20 % of any cross-sectional area (Pl. II). These spaces are in addition 
filled with both nerve and Miiller fibres that would act to increase the 
radial resistance of this layer. That the graded responses are most readily 
found in fish retina where the horizontal cell layer is most prominent, and 
are almost absent in amphibian retina where it is least developed (Shieffer- 
decker, 1886), suggests that this layer plays a part in the genesis of the 
large graded potentials. Similar responses have also been detected, 
although with less facility, in mammalian retinae (Griisser, 1957; Brown & 
Wiesel, 1958), which are second to. those of fish in the prominence of the 


horizontal cell layer (Schiefferdecker, 1886). 


The compartment may be the intracellular space of a horizontal cell, 
although its specific membrane resistance would have to be extremely low 


if its surface area were even as large as a motoneurone (Eccles, 1957) to 
have a total resistance as low as 10kQ. If the syncytial hypothesis is 


true, then the lower resistance would be expected, although the demon- 


strations of these anastomoses extant in the literature only show processes 


having the dimensions of fine dendrites (Chalissery, 1955). Another 
hypothesis is offered which would envision the external nuclear layer or 
the external limiting membrane and the compact horizontal cell layer of 
fish retina forming one or a number of relatively large isolated compart- 
ments of the external plexiform layer and this would explain most of the 


. results of this investigation more satisfactorily. 


There are many similarities between the graded responses and the lower 
amplitude e.r.g. Both require large areas of illumination, both have 
relatively high thresholds, both have ‘off’ responses which are very 
dependent upon the duration of illumination and both have fast initial — 
negative components. In addition, changes in amplitude of both these 
responses require rather large currents and the direction of these changes 
can be explained by a decrease in resistance during illumination of the 
structure across which the current is passing. In general, there is only a 
small d.c. component in the vertebrate e.r.g. during illumination as 
demonstrated in vivo by the fish e.r.g. of Text-fig. 2. The surface response 
of isolated fish retina, however, frequently shows a pronounced d.c. change 
during illumination, similar to that of the graded intraretinal response. 
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The vertebrate e.r.g. appears to be generated across a high-resistance 
tangential structure in the retina, which has been identified as the external 
limiting membrane and across which current is most likely carried by the 
photoreceptors (Brindley, 1958). If the potentials resulting from this 
current are generated across the high-resistance boundary on the photo- 
receptor side of the hypothetical compartment, this current could also 
be the source of the graded intraretinal potentials, and a micro-electrode 
located within the compartment would be expected to record these 
potentials at a greater amplitude than it would at the retinal surface. 

In addition to the e.r.g., focal intraretinal potentials have occasionally 
been reported to occur in amphibian retina (Tomita & Torihama, 1956). 
These potentials differ from the e.r.g. in their greater susceptibility to 
deterioration and their complex changes to stimulation (Brindley, 1958). 
Such complexities are reminiscent of the polarity reversals found in the 
graded intraretinal responses of fish retina. These potentials may be a 
limited version of the phenomenon proposed to be occurring in fish retina, 
since they are less frequently detected, deteriorate quickly, and are of a 
much smaller amplitude. The fact that they are not as well maintained 
during illumination as the graded intraretinal potentials of fish may reflect 
their relationship to the amphibian e.r.g., which is as dissimilar from the 
surface response of excised fish retina. 

The presence of extracellular spikes both at the photoreceptor surface 

and within the region from which large graded responses are recorded 
suggests that their source is more external than the ganglion-cell layer. 
There is a close relationship between the graded potentials and neighbouring 
spikes, with positive graded potentials being associated with increased 


_ frequency and decreased amplitude of the spikes and the reverse relation- | 
ship for the negative potentials. Such a correlation between spikes and 


graded potentials would not be expected if these activities originated in 
separate cells. It is also in agreement with the conventional intracellular 
changes at receptor and dendritic terminals with increased positivity 
being associated with depolarization and increased frequency of propa- 
gated action potentials, and the reverse with negativity. This association 
may indicate that the graded fish potentials represent the activity of 
bipolar processes, isolated as they are within the external plexiform layer 
by the horizontal cells, and the spikes the propagated responses of the 
bipolar somata occurring outside this hypothetical compartment and hence 
of smaller amplitude. 

The fact that two processes of opposite polarity appear to be acting in 
varying degrees in the graded potentials of bream retina indicate that the 
negative response does not merely sum luminosity. At low intensities the 
positive potential is most conspicuous, but may remain observable in some 
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responses even at the highest intensities, as an after-potential or ‘off’ 
response. At illuminations greater than 350 lm/m? the responses are always 
negative during illumination and are associated with curtailment of 
neighbouring spike activity. The fact that some responses change polarity 
with intensity make them seem analogous to the wave-length reversing 
potentials of other fish retina, although colour-discriminating responses 
have been reported to be absent from bream retina (Svaetichin, 1953). 
This polarity reversal is not due to partial activation of a tangential 
structure, since it occurs with illumination of the entire retina. The author 
has observed polarity reversals with colour while studying bream retina, 
but they were never properly controlled for changes in intensity. The fact 
that intensity does play a part in producing polarity reversal demands 


_ that a careful distinction be made between intensity and wave-length in 


any spectral scanning study. Although two processes of opposite polarity 
and different spectral sensitivities are summing in the same response 
in the case of Mugil retina (MacNichol & Svaetichin, 1958), since 
multiphasic patterns were not obtained in a spectral scan it would be 
interesting to know whether these two processes also differ in their threshold 
intensity. The complexity of such a system would prevent a straight- 
forward comparison of spectral sensitivity curves of intraretinal potentials 


_ with those of photochemical pigments or with those obtained at a different 


intensity level and would perhaps explain some of the variation in such 
findings at the present time. 

The role of these responses in fish vision is undoubtedly of major 
importance. They are either responses of the terminals of photoreceptors 
in the external plexiform layer or adjacent second-order neurones con- 
sisting of either horizontal cells or the dendrites of bipolars. That two 
processes of different threshold and temporal relationships occur suggests 
that there are either at least two types of photoreceptor responses, or 
two types of transmitter substances released at this stage in the visual 
pathway which sum in different degrees to produce the graded intraretinal 


potential. 


SUMMARY 


1. Evidence is given to support the hypothesis that the graded intra- 
retinal potentials of bream retina originate near the horizontal cell layer 


_of the retina. 


2. Two components of opposite polarity and different temporal sequence 
sum to varying degreesin the graded intraretinal response. With total retinal 
illumination greater than 350 lm/m? the graded potentials are negative, 
but at lower intensities slower developing maintained positive potentials 
are found which are manifest only as ‘off’ responses at higher intensities. 
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3. The graded negative intraretinal response is recorded with difficulty 
below a retinal illumination of 0-1 lm/m*; from this point it varies almost 
linearily with the logarithm of illumination to 10001m/m*. Greater illumi- 
nation produces increases in the duration of the after-potentials but no 
increase in amplitude. | 

4. The minimum area of retina that must be illuminated to produce 
maximum response with supramaximal stimuli is 2 mm in diameter and 
summation occurs over areas as large as 8 mm in diameter. 

5. The resistance of the structure across which these potentials are 
generated ranges from 10 to 200 kQ and supports the hypothesis that these 
potentials arise in extracellular intraretinal spaces. 


I wish to express my sincere thanks to Dr W. A. H. Rushton, Mr Clive Hood and Mr 


Canwell for their ee assistance. 
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EXPLANATION OF PLATES 
PLaTE | 
Location of distinctly blue ferroferricyanide precipitates intraretinally. A and C via photo- 
receptors; B via vitreal approach. Lines represent 40 p. ; 
PLATE 2 


A, radial section of bream retina; B, tangential section. a, layer of rods and cones 
b, layer of photoreceptor nuclei, c, external plexiform layer, d, horizontal cell layer, e, bipolar 
cell layer, f, internal plexiform layer. Lines represent 40 p. | 
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CHANGES IN CARDIAC AND RESPIRATORY FUNCTION, AND 
IN BLOOD CARBON DIOXIDE PRESSURE AND pH, IN CATS 
EXPOSED TO OXYGEN UNDER HIGH PRESSURE 


By D. W. TAYLOR 
From the Department of Physiology, University of Aberdeen 


(Received 25 Janwary 1960) 


Earlier experiments on rats (Taylor, 1958) showed that on exposure to 
pure oxygen under a pressure of 6 atmospheres, slowing of the heart and 
of respiration took place much earlier when the rats were anaesthetized 
with chloralose than when barbiturate was the anaesthetic. There was 
evidence, too, that such slowing was accompanied by a fall in pH of the 
arterial blood, but there was no evidence of a rise in CO, pressure before 
the onset of cardiac or respiratory failure. , : 

These experiments suffered from the disadvantages that the rats under- 
went a fairly rapid and considerable fall in body temperature, that the 
size and frequency of blood samples were strictly limited and that only 
arterial blood was sampled. It was desirable therefore to repeat and extend 
the work on larger animals such as cats. | 


METHODS 


Young cats of both sexes (av. wt. 1:50 kg) were used in all experiments and were anaes- 
thetized by an intraperitoneal injection of either an aqueous solution of 1% chloralose and 


10% urethane (1 ml./100 g body wt.) or with pentobarbitone sodium B.P. (Veterinary 


Nembutal; Abbott Laboratories Ltd.; 50 mg/100 g body wt.). 

Any such procedures as vagotomy and section of sinus nerves were then carried out 
before heparin dissolved in 0-9% NaCl solution (5000 i.u./ml.) was injected intravenously 
(0°5 ml./kg body wt.). The femoral arteries were then cannulated with polythene tubing, 
as was the right atrium via the right jugular vein, the animal was placed in the pressure 
chamber, and the appropriate connexions made to recording and sampling apparatus. The 
method of compression was as has already been described (Taylor, 1956). 

Heart rate, mean arterial blood pressure, respiration, body temperature and blood pH! 
were recorded as described by Taylor (1958). In the first seven experiments the recorded 
pH was that of the femoral arterial blood; thereafter, it was that of the mixed venous 
blood drawn from the right atrium. 

Blood samples were collected and analysed for total CO, and O,. The CO, pressure was 
calculated as in the earlier experiments, using the form of the Henderson—Hasselbalch 


equation and the tables given by Severinghaus, Stupfel & Bradley (1956a, b). A series of, 


both arterial and right atrial samples could be collected in any experiment, but in any one 
experiment the pH could be recorded, and thus the CO, pressure calculated, for one type of 
sample only. A rapid flow of blood through the chamber containing the glass electrode 
_ permitted the pH to be recorded at a blood temperature not significantly different from 


_ 
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> 


CHANGES IN 0, POISONING 507 


body temperature, but in some cases the pH was recorded at a fixed time after sampling 
and the appropriate temperature corrections calculated by Rosenthal’s formula (Rosenthal, 
1948), the temperatures being checked by a fine thermocouple fitted into the chamber con- 
taining the glass electrode. 


RESULTS 


As in the rat experiments, abnormalities of the electrocardiogram were 
frequently observed. These included inverted or absent P waves, increase 
in P-R interval, changes in the QRS complex, and inverted or biphasic T 
waves. Unlike the rats, the cats showed no evidence of lung damage, other 
than mild hyperaemia. And, again in contrast with the rats, convulsions 
were observed frequently in cats anaesthetized with chloralose and ure- 
thane, and rarely when barbiturate anaesthesia was employed. 

Comparison of changes in cats anaesthetized with chloralose and urethane 
and with Nembutal. Chloralose and urethane were used to anaesthetize 
sixteen animals (group A) and nembutal for fifteen (group B), in each 
case without operative interference other than that required to permit 
blood sampling. In the first 7 experiments (4 from group A and 3 from 
group B) only femoral arterial blood samples were taken; in 3 experiments 


in each group, samples were taken only from the right heart, and in the 


remainder (9 from each group) ee were taken from both arterial and 
mixed venous blood. 

Convulsions. Comparison of the two groups showed that convulsive 
movements, starting about 30 min after exposure to O, had commenced, 
occurred in thirteen out of sixteen animals in group A but only in two 


_ out of fifteen animals in group B. 


Respiration. Obvious hyperpnoea was noted in one cat only in group A 
but occurred in thirteen out of fifteen cats in group B. Slowing and 
eventual failure of the respiration occurred in less than 2 hr in ten out of 


sixteen animals in group A, whereas in group B only two animals showed 


eventually an appreciable degree of respiratory slowing. 

Heart rate. In all animals in group A the initial effect, 20-40 min after 
exposure to 0, commenced, was a slowing of the heart rate, which in 
eight cats decreased to 50% or less of the initial rate within 2 hr, and in. 
only three instances did not decrease by at least one third. In group B, 


_ however, the initial effect was in every case a slight but distinct rise in 


heart rate. In no case did the heart rate fall by 50% within 2 hr and in 

ten out of the fifteen animals the heart rate did not decrease even by one 

third in 180-240 min. Thus animals in group B survived for a much longer 

period, on the average, than did those in group A and, in fact, a number 

of experiments in group B were terminated simply on account of the pas-. 
sage of time and not because of any apparent deterioration in the condi- 

tion of the animal. 
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~ Hydrogen ion concentration. Since samples of blood were not taken at 
the same times in all experiments, a strict statistical comparison of pH, 
total CO, and O, was not possible. Nevertheless, in respect of the twelve 
cats in each group from which samples of mixed venous blood were 
taken, it was found that blood pH tended to be lower in group A than in 
group B, falling to less than 7-20 in seven cases in group A. In group B 
this occurred only in three cases, and it was more usual for the pH to 
rise early in the experiment to a plateau and later to fall to near its initial 
level. | 
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Fig. 1. Graphs (from above down) of calculated CO, pressure and pH of mixed 
venous blood from right atrium, respiratory rate and heart rate plotted against 
time from beginning of compression, for three consecutive experiments on cats 
anaesthetized with chloralose and urethane and exposed to O, under a pressure of 
6 atm. @, cat 14; A, cat 16; @, cat 18. 


Carbon dioxide pressure of blood. Not unnaturally, the calculated blood — 


CO, pressure bore a close and inverse relationship to the measured pH. 
It was on the average a little higher in the earlier stages of experiments in 
group A than in group B; but even in group A large increases in CO, were 
not found except when obvious respiratory failure had supervened. Of 
the animals, twelve in each group, from which mixed venous blood samples 


were taken, in 7 experiments in group A the CO, pressure remained below — 


+ 


animals showed some degree of cardiac slowing without any rise in CO, 
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50 mm Hg in the presence of definite respiratory slowing and, in 4 in- 
stances, of gross cardiac slowing. In group B, CO, pressure tended to show 
a gradual fall concomitant with the hyperpnoea, followed late in the ex- 
periment by a slight rise. No high values were recorded in this group, 
and as has been noted already respiratory failure did not occur. Three 
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Fig. 2. Graphs (from above down) of calculated CO, pressure and pH of mixed 
venous blood from right atrium, respiratory rate and heart rate plotted against time 
from beginning of compression, for three consecutive experiments on cats anaes- 

thetized with Nembutal and exposed to Os under a pressure of 6 atm. @, cat 15; 

A, cat 17; @, cat 19. 


pressure. These changes in cardiac and respiratory rates, and pH and 
CO, pressure of mixed venous blood are illustrated graphically in Figs. 1 
and 2 for 3 consecutive experiments from each group. | 

Oxygen content of blood. When, neglecting time of sampling, all blood 
samples were taken together and compared, it was found that there was 
no clear difference between the two groups in O, content of arterial blood 
samples, but that the O, content of the mixed venous blood samples from 
group B was lower than that from group A by 3 vol. % on average. 

Effects of cutting both sinus nerves. In 4 experiments, 2 with each 
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anaesthetic, both sinus nerves were cut and after being tested by carotid 
compression and observing the blood pressure, the animals were exposed to 
oxygen in the usual way. This procedure did not apparently modify the 
results which have been described above. Both animals given chloralose 
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Fig. 3. Graphs (from above down) of calculated CO, pressure and pH of mixed 
venous blood from right atrium, respiratory rate and heart rate plotted against 
time from beginning of compression for four bilaterally vagotomized cats exposed 
to O, under a pressure of 6 atm. Cat 32, m, and cat 33, A, were anaesthetized with 


chloralose and urethane; cat 34, @, and cat 35, O, were anaesthetized with 
Nembutal. 


and urethane suffered cardiac and respiratory failure in less than 2 hr, 
one of them exhibiting convulsive movements. Neither Nembutal- 
treated animal became convulsed, nor showed any evidence of respiratory 
failure within 3 hr, but in one of them the heart had slowed by about one 
third at the end of that time. After section of the sinus nerves hepariniza- 
tion of the animal was undesirable, and thus blood samples were not taken eS 
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in these 4 experiments and in the 6 experiments described immediately 
below. 

Effects of cutting both sinus nerves and both vagus nerves. In 6 experi- 
ments, 3 with each anaesthetic, both sinus nerves and both vagus nerves 
were cut. All three cats given chloralose and urethane showed convulsive 
movements, and heart and respiration failed within 80-100 min. A fall 


_in heart rate was, however, not obvious initially but took place very sud- 


denly after 80-90 min. No Nembutal-treated cat became convulsed, two 
showed no apparent deterioration after 34 hr and in one there was a slowing 
of heart and respiratory rates of about one third after 150 min. __ 

Effects of cutting both vagus nerves only. In 11 experiments, 4 with chlora- 
lose and urethane and 7 with Nembutal, both vagus nerves were cut. In 
all 4 chloralose experiments, and in 3 with barbiturate, blood samples 
were taken for analysis. All four chloralose-treated animals had con- 
vulsive movements, and three of the four showed evidence of circulatory 
and respiratory collapse in 1-2 hr, with a rapid and severe fall in blood 
pH, and a rise in CO, pressure to very high levels, of the order of 100- 
200 mm Hg, relatively early after exposure to O, had begun. Of the seven 
cats given Nembutal five showed evidence of respiratory failure ; the heart 
rates tended to slow slightly, then to increase, and then to slow more 
abruptly as respiration failed, the pattern thus differing from those in 
chloralose-treated animals. As respiration failed, blood pH decreased 
rapidly and CO, pressure rose steeply. These were the only Nembutal- 
treated cats of the whole series which behaved in this way, and three 
exhibited convulsive jerking movements. These results are illustrated for 
two animals from each group in Fig. 3. : 


DISCUSSION ' 

The results which have just been described confirm and extend those 
obtained when using rats and presented in an earlier paper (Taylor, 
1958). There was the same difference in the cat as in the rat between 
animals anaesthetized with chloralose and urethane and those given 
barbiturate, in the time taken for an appreciable degree of cardiac and 
respiratory slowing to develop. The role of the vagus nerves in the early 


onset of bradycardia, emphasized by Whitehorn & Bean (1952) was again 
_ difficult to determine on account of early respiratory failure in the majority 


of vagotomized animals. In the three cats anaesthetized with chloralose 
and urethane and subjected to section of both sinus nerves and bilateral 


_ vagotomy early cardiac slowing was less obvious than usual. Neverthe- 


less, some degree of cardiac slowing in the absence of any large change in 
respiratory rate certainly took place in three vagotomized animals in 
60-80 min from the beginning of exposure to O,. Conversely, it is hard to 
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believe that the absence of cardiac slowing in animals given Nembutal, 
but otherwise intact, is due to abolition of vagal function by the anaes- 
thetic, when section of both vagi in such animals resulted in clear and 
immediate changes in respiration. As in the earlier experiments on rats 
(Taylor, 1958) there was no apparent connexion between changes in 
heart rate and changes in arterial blood pressure and section of the sinus 
nerves with or without vagal section did not alter the differences between 
chloralose- and Nembutal-treated animals. 

The results of the blood gas analyses seem to show clearly that consider- 
able cardiac slowing and some degree at least of respiratory slowing can 
precede any changes in CQ, pressure as indicated by the measurements 
made. Bean (1945) has stated that CO, pressure of arterial blood is not 
necessarily an indication of that obtaining in the tissues. The values 
obtained in the present experiments from analyses of arterial and mixed 
venous blood agree well with those for arterial and jugular-vein blood of 
_Lambertsen and his colleagues, who have discussed in great detail the 

relation between arterial and venous blood CO, pressures and ‘central’ 

CO, pressure (Lambersten, Kough, Cooper, Emmel, Loeschke & Schmidt, 
- 1953a, b; Lambertsen, Stroud, Ewing & Mack, 1953). When respiration 
continues to slow, however, a point seems to be reached when CO, clearance 
is no longer adequate and the CO, pressure then rises, as occurred eventu- 
ally in the majority of animals given chloralose and urethane. The con- 
vulsions so frequently observed in these animals are equally unlikely to be 
due to a primary rise in CO, pressure, since they regularly occurred before 
any significant change in the CO, pressure was observed, although they 
presumably contributed to the CO, load in such cases. 


In Nembutal-treated animals, on the other hand, the early changes in — 


pH and total CO,, and thus in CO, pressure, pointed to a respiratory 
alkalosis as a result of the hyperpnoea, and only in those cases where 
vagotomy resulted in an initial and independent impediment to respiration 
was there a failure of adequate CO, excretion. 

It was not possible to obtain blood from the jugular vein by the methods 
used in these experiments and, failing such, it is impossible to say whether 
or not the observed difference in O, content of the mixed venous blood 
between the groups implied a difference in cerebral capillary O, pressure, 
the importance of which has been stressed by Lambertsen et al. (19532). 
The greater desaturation of the mixed venous blood after Nembutal may 
have been a result of effort. involved in the hyperpnoea, although it is not 
obvious that this activity entailed a greater 0, consumption than the 
convulsions of chloralose. 

It is beyond the purpose of this paper to discuss why animals given 
Nembutal should exhibit early respiratory failure after bilateral vago- 


} 
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tomy but not when this procedure was combined with bilateral section of 
the sinus nerves, especially as no control observations were made in ani- 
mals not exposed to oxygen. Von Euler & Séderberg (1952) stated that 
chloralose strongly depressed the central effects of CO, and the results, 
as a whole, seem to show that the key to the differences between the two 
groups probably lies, as Moruzzi (1955) implied, in a difference in the 
central control of respiration under the two anaesthetics. Further investi- 
gation might therefore be most usefully devoted to studying the influence 
of a combination of anaesthetic and O, under high pressure on the function- 
ing of cerebral cortex and respiratory centre. 


SUMMARY 


1. The effects of oxygen under a pressure of 6 atmospheres on cardiac 
and respiratory rates, and on the CO, pressure and pH of mixed venous 
and arterial blood samples, were studied in cats anaesthetized with 
chloralose and urethane and with Nembutal. 

2. There was an obvious difference, confirming earlier experiments on 
rats, in the average time required for an appreciable degree of slowing of the 
heart and respiration to develop, the changes occurring much sooner in 


cats given Nembutal. 


3. These differences were not affected by bilateral section of the sinus 
nerves with or without bilateral vagotomy. : 

4, There was no evidence of a rise in CO, pressure in the blood before 
the onset of respiratory failure. 

5. When bilateral vagotomy only was performed the differences 
between the two groups largely disappeared as a result of early respiratory 
failure in the cats given Nembutal. In both groups of animals CO, pres- 
sure in the mixed venous blood rose to very high levels. : 
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- FACTORS AFFECTING MILK RELEASE IN THE DOG AND THE 


QUANTITY OF OXYTOCIN LIBEKATED BY SUCKLING 


By MARY PICKFORD 
From the Physiology Department, University of Edinburgh 


(Received 29 January 1960) 


In the many species studied oxytocin and vasopressin of the pars nervosa 
are liberated by a wide variety of stimuli (Harris, 1955), and in all instances 


‘there is evidence that the liberation of oxytocin is accompanied by the » 


simultaneous release of vasopressin (ADH). Further, more oxytocin than 
ADH is released as the result of any one stimulus (Abrahams & Pickford, 


1954; Harris, 1955). The recorded ratios of ADH ‘oxytocin vary from 1:4 


to 1:100 in different species (Harris, 1955), but so far no reports have 
appeared showing whether this ratio varies with the stimulus applied or 
is constant in a species or individual. Previous work on conscious bitches 
(Abrahams & Pickford, 1954) showed that the injection of a small volume 
of hypertonic NaCl solution into the exteriorized carotid artery during 
water diuresis caused an increase in uterine activity and an antidiuresis 
which could be matched by the intravenous injection of approximately 
3m-u. Pitressin (vasopressin: Parke, Davis) and 80-100 m-u. Pitocin 
(oxytocin; Parke, Davis); that is, the ADH :oxytocin ratio lay between 
1:25 and 1:30. It was decided to attempt an assay of the amount of 
oxytocin liberated in the bitch by suckling to determine what was the 
ratio of ADH: oxytocin on the application of this physiological stimulus 
and, as opportunity offered, to make some other observations on milk 


release. A short summary of some of the results has already been — 


(Pickford, 
METHODS 


Observations were made on three bitches; Lottie (15 kg), Misty (13 kg) and Bianca 
(24 kg), during the period from 6 days to 5 weeks after whelping. During observations the 


- animal was lying on its side. All three animals were well used to the routine. Two dogs, 


Lottie and Bianca, were each provided with a permanently exteriorized carotid artery whose 
sinus had been denervated. The routine was as follows: the animal was hydrated at 12 noon 
with 250 ml. water given by stomach tube, and at this time the puppies were separated 
from the mother; water diuresis was induced at 2-15 p.m. by the administration of 250- 
350 ml. water according to the size of the dog. Urine was collected into graduated tubes 
by means of a rubber catheter inserted into the bladder through the urethra. The dead 
Space was reduced to a minimum. Urine was collected over 10 min periods, the volume 
noted, and the samples later analysed for their Na, K and Cl content, except when hyper- 
tonic NaCl solutions had been administered. No experimental manoeuvres such as injections 
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_were performed, nor were the pups allowed access, until at least 35 min after administration 
of water. Most of the observations were made when the animals were conscious, but in 
some instances anaesthesia was induced with sodium thiopentone administered intravenously 
at a time when water diuresis was established. Usually the pups were allowed to feed one 
at a time, and only occasionally all together. They were weighed rapidly to the nearest 
0-5 g before and after each feed or attempted feed, and their hind quarters were wrapped 
in a duster or inserted into a small bag so that faeces or urine passed during feeding should 
not be lost and falsify the weighings. It was possible to tell by the behaviour of the pups 
whether they were obtaining milk; if successful they soon became quiet, but if unsuccessful 
they moved frenziedly from one teat to another in quick succession. 

In Bianca, a 24 kg Labrador, it was possible to record the milk ejection response to various 
stimuli at a time when she was unanaesthetized. The dog seemed undisturbed by the insertion 
of a fine polythene cannula into a milk duct. The cannula was connected to a 5 ml. volume 
recorder on which was a light pointer writing on smoked paper. The cannula was filled with 
5 % potassium citrate solution and was held in place by gently pinching the teat between 
finger and thumb. On any one day, with few exceptions, observations were made from the 
same teat. 

One dog, Lottie, is still alive. After the other two had been killed, routine histological 
examination was made in each of the hypothalamus and pituitary gland and of both kidneys 
and uterine horns. No abnormalities were noted. | 

Urinary Na and K were estimated by flame photometry, and Cl by the method of Prout 
Winter as described by Cole (1919). | 

The drugs used were Pitressin, Pitocin and adrenalin and Syntocinon (oxytocin; Sandoz 
Ltd). No difference was noted in the actions of Pitocin and Syntocinon and they will be 
referred to indiscriminately as oxytocin. 


‘RESULTS 
Effect of suckling on urine flow and composition, — 

ee and assay of hormones liberated 

Of the three dogs used, Lottie always voluntarily fed her pups when 
under observation, Misty did so when all six were alllowed to feed, and 
Bianca always refused. It was found that 5-6 min was sufficient time for 
a puppy to empty one gland and that, with Lottie and Misty, the weight 
gained varied between 20 and 25g as the result of one such feed. In 
Lottie’s case the number of pups allowed to feed made no. difference to 


the result. Fig. 1.4 shows a typical response of Lottie to suckling, a small . 


antidiuresis quickly set in after suckling began (in this instance suckling 
five puppies), and was accompanied by a rise in the excretion of Na and Cl. 
For comparison a typical control water diuresis may be seen in Fig. 3B. 
In Misty the mammary response depended on the number of pups allowed 
to feed at one time. On no occasion out of fifteen was a lone pup voluntarily 
given milk, but all three times when six pups were suckled they all made 
an almost maximal weight gain. As in the case of Lottie, milk release was 
accompanied by a small antidiuresis (Fig. 2) and a slight rise in Na and Cl 
excretion. A rise in electrolyte excretion was never seen during the course 
of an undisturbed water diuresis (Ali, Cross & Pickford, 1958). 
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‘The degree of antidiuresis caused by suckling in Lottie varied slightly 
on different days and could be matched by the intravenous inj jection of 
0-1-0-5 m-u. Pitressin (Fig. 1B). In Misty with six pups being suckled the 
antidiuresis was also similar to that following the intravenous injection 
of up to 0-1—0-5 m-u. Pitressin (Fig. 2). On the other hand, up to 50 m-u. 
oxytocin never caused antidiuresis in any of the dogs. 


Urine flow (ml./min) 


| 

20 40 60 80 100 
Time (min) 

Fig. 1. Effect of suckling and ADH on water diuresis and electrolyte excretion 

in a dog (Lottie). In both A and B, 300 ml. water by mouth at zero time. Aa and 

Ba, rates of urine flow (ml./min); Ab and Bb, rate of excretion of Na (@), K (O) 

and Cl (©) (wequiv/min). In A, at X, five puppies were allowed to suck for 7 min. 

In B, at Y, 0-5 m-u. ADH injected intravenously. ! 


For assaying the amount of oxytocin necessary for a full let-down of 
milk, Lottie and Misty were anaesthetized with intravenous sodium 
thiopentone. This drug was chosen because of the rapid onset and dis- 
appearance of its action and because it seemed not to interfere with water 
diuresis (Fig. 3A). It is suggested that the absence of an inhibition of 
urine flow was in part related to the fact that the dogs were well used to 
receiving intravenous injections, and in part, that the rapidity of action of 
sodium thiopentone allowed no time for emotional disturbance. In support 
of the latter suggestion it was noticed that when the rate of urine flow was 


; still high during recovery from anaesthesia, some inhibition occurred at 
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that time. The weight gained by the pups was used as a criterion of the 
adequacy of milk ejection. As soon as the mother was anaesthetized a pup 
was allowed to feed and, as expected, was unable to obtain milk; nor did 
its efforts affect the excretion of urine. After weighing, it was returned to 
the mother immediately following the injection of oxytocin and weighed 
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Fig. 2. Effect of suckling one or six puppies on water diuresis in a dog (Misty). 
250 ml. water given by mouth at zero time. In curve O—O one puppy was 

_ allowed to suck for 7 min (open block on abscissa). In curve @—®@ six puppies 
allowed to suck (filled block). 
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Fig. 3. Effect of sodium thiopentone on water diuresis'and electrolyte excretion 
in a dog (Lottie). In both A and B 300 ml. water given by mouth at zero time. 
Aa and Ba, rates of urine flow (ml./min). Ab and Bb, rate of excretion of Na (@), 
K (QO) and Cl (©) (wequiv/min). In A at arrow, anaesthesia rapidly induced with 
intravenous sodium thiopentone. B, undisturbed water diuresis. 
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again 6-7 min later. In Lottie on four occasions it was found that 5 m-u. 
oxytocin was insufficient to allow pups to gain any weight; in one test out 
of three 10 m-u. allowed about half the possible weight gain; on four out 
of four occasions 15 m-u. oxytocin permitted the full weight gain. Some 
of these observations were made consecutively. Thus, on one day 10 m-u. 
oxytocin given immediately anaesthesia was complete was wholly in- 
effective, 5 m-u. given 12 min later was also ineffective, but 15 m-u. given 
after a further 13 min permitted a full weight gain by a puppy. On five 
occasions Misty needed 15 m-u. oxytocin for full milk release, both when 
she was anaesthetized and on those days when she was conscious and 
refused to give milk to a single pup. Twice, under anaesthesia, 10 m-u. 
oxytocin was enough for a full weight gain. 

In none of the dogs did 0-5 m-u. Pitressin, or even 2 m-u., allow pups 
to gain any weight. The above results indicate that, in the circumstances, 
the ratio of ADH: oxytocin released was approximately 1:30, and that 
the quantity of ADH released was not enough to cause a let-down of milk. 


Milk ejection response to administration of oxytocin 
The observations in this section were made on Bianca. Since this was 


- the animal which never gave milk voluntarily when under observation, 


anaesthesia was unnecessary, and oxytocin had to be injected in order 
to find the maximal possible weight gain of a pup allowed to suck one 
breast for at least 6 min. The weight gain was found to be 25-30 g and the 
dose of oxytocin needed during the first 3 weeks of lactation varied from 
15 to 20 m-u. The administration of more than 20 m-u. did not enable a 
pup to gain more weight, and after less oxytocin the weight gain was 
submaximal. Figure 4 shows the milk ejection response to 20 and 10 m-u. 
oxytocin from one milk duct, at times when a puppy was allowed to suck 
at first one and then another teat. After 20 m-u. oxytocin the pup gained 
30 g weight, and after 10 m-u. another pup gained 8 g. This result corre- 
lated with records of milk ejection; for instance, in Fig. 5 it can be seen 
that the ejection responses bore a close arithmetical relationship to the 
dose of oxytocin given when this ranged from 10 to 20 m-u. These observa- 
tions are typical of several made during the 2nd and 3rd weeks of lactation, 
and the direct dose-response relationship held from 5 to 20 m-u. oxytocin. 
It was noticed during the 4th and 5th weeks of lactation that milk 
ejection could be induced by smaller doses of oxytocin than formerly and — 
that no clear dose-response relationship was apparent; for instance, 
2-5m-u. oxytocin caused a greater milk ejection than had 20m-u. previously, 
and 5 m-u, permitted a full weight gain. It is not known whether this was 
a genuine increase in sensitivity or was due to conditioning. Another 
fact noticed in the later weeks was that the insertion of the cannula was 
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sometimes a stimulus sufficient to cause milk ejection. This had not 
occurred in the first 3 weeks and suggests that there was indeed some 
increase in reactivity of the myo-epithelial cells. At no time did tapping 
or handling the gland cause milk ejection (Cross, 1954) in any of the dogs. 


20 40S 
+P +P 


Fig. 4. Tracing of record of milk ejection from a single milk duct in a conscious dog 
(Bianca). At least 15 min between injections. At A, 20 m-u. oxytocin (8) intra- 
venously and a puppy (P) put to another teat. At B, 10 m-u. oxytocin and a 
puppy put to a full gland. In first instance pup gained 30 g weight, in second instance 
8 g. Irregularities in curves due to activity of puppies. Time marker, 30 sec. 


me 30 mm 44 mm 


Fig. 5. Tracing of record of milk ejection from a single milk duct in a conscious 
dog (Bianca). At A, B and C, 10, 15 and 20 m-u. oxytocin (8) respectively given 
intravenously. Values below curves show height in mm of the original records. 
At least 15 min between injections. Time marker, 30 sec. 


Effect of hypertonic NaCl solution on milk ejection and urine volume 
The effect of applying an osmotic stimulus, namely, the injection of 
1-7M-NaCl solution into the carotid artery, was tested mainly on Lottie. 
Control injections of NaCl solution 0-9°% (w/v) were without effect on 
milk ejection or urine flow in this dog or in Bianca (Figs. 7A and B). In 
Lottie under sodium thiopentone anaesthesia 5 and 3 ml. of the hypertonic 
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NaCl solution caused pups being suckled to make a maximal weight gain 
and resulted in prolonged antidiuresis. On two separate days 1 ml. of the 
NaCl solution caused a considerable antidiuresis (Fig. 6) and the pups 


- gained 20 and 12 g weight. It is not clear why the weight gain differed 


so widely on the two occasions. There was insufficient time during lactation 
to test the response to 0-5 ml. hypertonic NaCl solution, but 5 weeks after 


Urine flow (ml./min) 


Time (min) 
Fig. 6. Effect of hypertonic NaCl solution on water diuresis in a dog (Lottie). 
300 ml. water by mouth at zero time. At Al and A2 anaesthesia rapidly induced 
with intravenous sodium thiopentone. In curve @—®@, at B, 1 ml. 1-7mM-NaCl 
solution injected into carotid artery; a puppy allowed to feed during time marked 
P gained 20 g weight. In curve O—O, at C, 0-5 ml. 1-7M-NaCl solution into the 
carotid artery. 


the end of lactation this volume induced an antidiuresis only a little less 
than that seen following 0-5 m-u. ADH (Fig. 6). In Bianca when conscious 


the intracarotid injection of 4 and 5 ml. of 1-7M-NCI solution had no 


effect on either milk ejection or rate of urine flow. In Misty, also when 
conscious, when 11 ml. of 1-7M-NaCl solution was injected intravenously 
a puppy made a weight gain of 10 g, but up to 5ml. given intravenously 
was ineffective in all the dogs. No other observations were made on the 


— effect of intravenous injections of hypertonic solutions. 


Effect of acetylcholine on milk ejection | , 
_ These observations were made on Bianca. The effect of acetylcholine 
(ACh) alone was tested on three separate days, and it was found that 
100 wg in 1 ml. NaCl solution 0-9 % (w/v) injected into the carotid artery 
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caused a small but definite milk-ejection response. A large milk ejection 
followed 200 ug ACh (Fig. 7D) and a full weight gain was made by a 
feeding pup. The milk ejection response was similar to that following the 
intravenous injection of 20 m-u. oxytocin (Fig. 7F’). Given intravenously, 
200 ug ACh caused no milk ejection (Fig. 7#). On no occasion was 
antidiuresis seen. 


Control 


A | 200 ACh 

Control 1.c. 
B 

1 Ad Lv. 

200 ACh i.c. 200 ACh Lv. 


Fig. 7. Tracing of milk ejection record from a single milk duct in conscious dog 
(Bianca); effect of ACh and adrenaline. At least 15 min between injections. At 
A and B, 1 ml. 0-9% NaCl solution into the carotid artery. At C, 1 ug adrenaline 
intravenously and 10 sec later 200 wg ACh into carotid artery. At D, 200 ng ACh 
into carotid artery. At H, 200 ug ACh intravenously. At F; 20m-u. oxytocin 
intravenously. Ad, adrenaline; I.v., intravenous; I.C., intracarotid; 8, oxytocin. 
Time marker, 30 sec. 


Effect of adrenaline on milk ejection 

These observations, too, were made on Bianca, and were of two kinds. 
The effect of a preliminary injection of adrenaline on the response to 
oxytocin was first tested, and then its effect on the response to an intra- 
carotid injection of ACh. In all instances adrenaline was injected intra- 
venously in 0-5 ml. NaCl solution 0-9°% (w/v) 10 sec before the oxytocin 
or ACh. Figure 8B shows that when 0-5 yg adrenaline was given before 
25 m-u. oxytocin (i.e. a supramaximal dose) there was a just perceptible 
milk-ejection response (Fig. 8), and there was a partial response on two 
occasions when 0-25 yg adrenaline was injected (Fig. 80 and D). Figure 8 
shows that at the end of the afternoon 25 m-u. oxytocin was still able to 
cause a full milk ejection from the duct under observation. The inhibitory 
power of adrenaline was also exerted on the response to ACh, In Fig. 70 
it is shown that no milk ejection followed when 1 yg adrenaline was given 
10 sec before the intracarotid injection of 200 ng ACh. Some 15 min later 
200 wg ACh caused a normal milk ejection (Fig.7D). — 
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Fig. 8. Tracing of milk ejection record from a single milk duct in conscious dog 
(Bianca); effect of adrenaline (Ad) on response to oxytocin (8). At least 15 min 
_ between injections, all given intravenously. At A, 20 m-u. oxytocin. At B, 0-5 yg. 
adrenaline and 10 sec later 25 m-u. oxytocin. At OC, and D, 0-25 ug adrenaline 
and 10 sec later 25 m-u. oxytocin. At H, 1 ug adrenaline and 10 sec later 25 m-u. 
oxytocin. At F, 25 m-u. oxytocin. Time marker, 30 sec. 


DISCUSSION 


The results described show that puppies made a maximal weight gain 
on being suckled after the injection of 15 m-u. oxytocin into dogs of 13- 
15kg body weight; and with a 24 kg dog, after 20 m-u. oxytocin. Only 
in the two smaller dogs was it possible to make observations on the 
antidiuresis accompanying suckling, and it was found to be of the same 
order as that following injection of not more than 0-5 m-u. Pitressin. 
During the antidiuresis there was some rise in rates of excretion of Na 
and Cl. The findings on antidiuresis are the same as those of Kalliala, 
Karvonen & Leppiinen (1952). Thus the ADH: oxytocin ratio was approxi- 
mately 1:30, that is, of the same order as that found when applying an 
osmotic stimulus and using the uterus as the assay organ. One dog gave 
_ milk when suckling six pups but not when suckling one. It is impossible 
to say whether this was due to the greater stimulus in the first instance, 
or to an emotional inhibition in the second. 

The experiments with ACh confirmed those made earlier with the uterus 
as the test organ (Abrahams & Pickford, 1954), namely, that ACh causes 
the release of oxytocin, as of vasopressin, by action at a site in the central - 
hervous system. Further, the dog was found to be like both the goat 
(Andersson, 1951) and the rabbit (Holland, Cross & Sawyer, 1959) in 
that an osmotic stimulus induced the let-down of milk. Thus observations . 
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on both the mammary glands and the uterus lead to the same conclusion 
(Abrahams & Pickford, 1954), that ACh and osmotic stimuli release both 
oxytocin and vasopressin. 

Cross (1953) found that in the rabbit adrenaline, by a peripheral action, 
prevented the response to a rapidly following injection of oxytocin. In 
the dog, too, adrenaline prevented the response to oxytocin, whether the 
oxytocin was given by intravenous injection or released endogenously 
by administration of ACh. However, even without making allowance for 
differences in body weight, the dog appears to be more sensitive to oxytocin 
than the rabbit, and if body weight allowance is made, the dog is also 
- more sensitive to adrenaline. Thus, in dogs 15-20 m-u. oxytocin caused a 
maximal milk release during the first half of lactation, and in the later 
part as little as 5 m-u. oxytocin was sufficient. The response to oxytocin 
was almost wholly prevented by 0-5 wg adrenaline and entirely suppressed 
by 1 pg. The quantities found by Cross & van Dyke (1953) and Cross (1954) 
for the rabbit were 50 m-u. oxytocin and 1 wg adrenaline. It is not 
possible to compare the sensitivity of dogs and rabbits to hypertonic NaCl 
solution, since Holland eé al. (1959) used a 1-5 solution, and i in the present 
experiments a 1-7M solution was used. 

A question arises from the work on milk ejection in Bianca. On injection 
into the carotid artery of 200 ng ACh the quantity of oxytocin released 
was assayed as 20 m-u.; further, 5 ml. 1-7M-NaCl solution given into the 
carotid artery caused no observable liberation of either of the pars ne vosa 
hormones. These results contrast with earlier studies in which the uterus 
and kidney were used as test organs (Abrahams & Pickford, 1954), when 
it was found that both 200 »g ACh and 2 ml. or less of 1-7M-NaCl solution 
caused the release of approximately 3 m-u. ADH and 80-100 m-u. oxytocin. 
In the present work, too, Lottie responded by antidiuresis to as little as 
0-5 ml. 1-7mM-NaCl solution. The difference between the past results and 
those on Bianca could, perhaps, be connected with the fact that this 
dog had a large and muscular head, in other words, a vascular bed of 
considerable volume which would lower the concentration of ACh or NaC! 
reaching the central active site. It seemed unlikely that the present 
results were related in some way to the lactational state, for instance, the 
greater than normal fluid turnover; or to the different organ used for the 
purpose of assay. Some observations made on Bianca before she was 
pregnant showed that 1 m-u. Pitressin gave rise to a barely perceptible 
antidiuresis, that 3 m-u. caused a brief 50° reduction in the rate of urine 
flow, and 4m-u. Pitressin caused a 66° reduction. Two-and-one-half 
months after the end of lactation these experiments were repeated and 
the results confirmed, and other observations were made. It was found 
that in order to cause antidiuresis of the same order as that due to 4 m-u. 
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Pitressin it was necessary to inject at least 8 ml. of 1-7m-NaCl solution 
into the carotid artery, and to inject it in not more than 0-75 min. Further, 
it was confirmed that 200 ~g ACh given into the carotid artery caused no 
antidiuresis, and that 300 and 400 yg were also ineffective. A transitory 
60% inhibition of the rate of urine flow followed the injection of 600 yg 
ACh. All observations in which ACh was used were preceded by a sub- 
cutaneous injection of 2 mg atropine sulphate. From these results it 
seemed that at all times this dog was relatively insensitive to the intra- 
carotid injection of ACh, and moderately insensitive to that of hypertonic 
NaCl solution. Further confirmation was sought in the following way. 
_ Five months after whelping, the dog was ovariectomized and a left uterine 
- fistula made (Abrahams & Pickford, 1954). The uterus developed spon- 
taneous activity 10 days after operation and observations were begun 
4 days later. Uterine activity sometimes, but not always, increased 
slightly on the intravenous injection of 50 m-u. oxytocin, but, never 
following 20 m-u. oxytocin. The rapid intracarotid injection of 8 ml. 
1-7M-NaCl solution caused, on two separate days, a small but definite 
increase in size and frequency of uterine contractions. Following sub- 
cutaneous atropine there was no uterine response to the intracarotid. 
injection of 200 ng ACh; on one occasion 300 wg ACh caused an increase 
in activity less than that due to 50 m-u. oxytocin, and 500 wg ACh induced 
a moderate increase in contraction frequency for 7 min. With a dose of 
ACh as large as 500 »g some direct peripheral action cannot be discounted. 

_ Thus, all results are similar in showing that, 4 in order to cause a release of 
ADH and oxytocin, this dog needed relatively large amounts of ACh or 
NaCl to be injected into the carotid artery. Probably then, the release of 
only 20 m-u. oxytocin after an injection of 200 »g ACh was normal for 
this dog, and was not related to the lactational state nor to the use of the 
mammary glands rather than the uterus for assay purposes. Since it is 
probable that rather less than 1 m-u. ADH would have been released 
with 20 m-u. oxytocin, it is not surprising that no antidiuresis was seen. 

The results obtained from this dog, therefore, invalidate neither at age 
conclusions nor the present ones, that after both an osmotic stimulus and 
ACh, as well as on suckling, the pars nervosa of the dog releases oxytocin 
and ADH simultaneously, and that they are released in a ratio of one 
part of ADH to about 30 parts of oxytocin. The only result which seemed 
to give a different ratio was that obtained from Lottie under anaesthesia, 
when following an intracarotid injection of 1 ml. 1-7m-NaCl solution the 
antidiuresis was far greater than could be due to 0-5 m-u. ADH, yet a 
puppy made only a small weight gain on being suckled. This isolated 
result may be of significance, but it seems more likely that some inhibition 
prevented the full mammary response; there may have been a central 
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stimulation of sympathetic areas and a release of adrenaline, as was seen 
in the rabbit by Holland e¢ al. (1959). 


SUMMARY 


1. Simultaneous observations on milk release and urine flow were made 
on three bitches during lactation. 

2. Puppies made a maximal weight gain on being suckled after the 
intravenous injection of 15-20 m-u. oxytocin. Voluntary milk release was 
accompanied by an antidiuresis which could be matched by the intravenous 
injection of 0-1—0-5 m-u. vasopressin. 

3. During the first 3 weeks of lactation there was, in the conscious dog, 
an arithmetical relation between the milk ejection respomne and dose of 
oxytocin up to 20 m-u. oxytocin. 

4. The intracarotid injection of either a solution of acetylcholine or of 
hypertonic NaCl caused milk ejection. 

5. The intravenous injection of 1 ug adrenaline immediately before an 
injection of oxytocin or acetylcholine wholly prevented the milk ejection 
response to either of these substances. 
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THE ACUTE EFFECTS OF INJECTION OF THYROTROPHIC 
HORMONE OR OF ELECTRICAL STIMULATION OF THE 
HYPOTHALAMUS ON THYROID ACTIVITY 


By H. J. CAMPBELL, R. GEORGE* anp G. W. HARRIS 


From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hospital, London, 8.E.5 


(Received 4 March 1960) 


Harris & Woods (1958) reported that electrical stimulation of. the 
anterior hypothalamus results in increased activity of the thyroid gland. 
The remote control method of stimulation was usually applied for 48-hr 
periods to rabbits in which changes of thyroid function were assessed by 
studies of the rate of release of ‘I from the thyroid. Each experiment took 
about 10 days to perform. For further studies it was desirable to devise 
a method of observing acute changes in thyroid activity in experiments 


- lasting a few hours. The present report describes such a method and gives 


the results obtained following (a) injections of thyrotrophic preparations 
(TSH) or (6) electrical stimulation of various hypothalamic regions. 

The ideal method of measuring the activity of endocrine glands appears | 
to be to measure the rate of secretion of hormone into the blood stream; 
that is, to measure the hormone content of the arterial blood to, and the 
venous blood from, the gland and the rate of blood flow through it. Various 
attempts which approximate to the ideal method, in that measurements 
were made of the hormone content of the glandular venous blood, have 
been reported (adrenal medulla, Satake, Sugawara & Watanabe, 1927; 
Brucke, Kaindl & Mayer, 1952; Dunér, 1953; Folkow & von Euler, 1954; 
Satake, 1955; adrenal cortex, Vogt, 1943, 1944; Bush, 1951; Nelson & 
Hume, 1955; Reif & Longwell, 1958; neurohypophysis, Andersson, 1951; 
Ginsburgh & Heller, 1953; Fitzpatrick & Hughes, 1957; testis, Samuels, 
1957). Séderberg (1958) cannulated thyroid veins in anaesthetized cats 
and rabbits and presented clear results on the rate of thyroid blood flow, 
rate of iodine uptake and rate of secretion of labelled thyroid hormone. 
The techniques developed by Séderberg were applicable to observations 
extending over periods of seconds to minutes and were used to determine 
the effects on thyroid blood flow and activity of interference with the 


nerve supply to the gland or the administration of various substances. 


* Present address: Department of Pharmacology, School of Medicine, University of 
California Medical Center, Los Angeles, 24, U.S.A. 


‘ 
> 
is 
i 


528 H.J.CAMPBELL, R.GEORGE AND G. W. HARRIS 


Other experiments involving collection of venous blood from the thyroid 
gland have been made in dogs (Ackerman & Arons, 1958) and rabbits 
(Monkus & Reineke, 1958). . 

In the present study on rabbits a technique has Se developed which 
allows collection of small blood samples to be made at quarter-hour 
intervals from a cannulated thyroid vein and a saphenous artery. This 
procedure has been used to investigate the effects of administration of 
thyrotrophic hormone and of electrical stimulation of the hypothalamus 
- on the release of radioactive hormone from the thyroid gland over periods 
of 8-10 hr. 


METHODS 


Adult female chinchilla rabbits, 2-0-4-0 kg body weight, were used. For a few days 
before the experiment the animals. were maintained at a constant room temperature of 
27—29° C, under constant conditions of lighting, and fed on a standard diet of pellets 
(M.R.C. diet 18, supplied by A. C. Taylor Ltd, London) and tap water, ad lb. Two to four 
days before the experiment each animal received 20-80 pc wenl by — injection. 


Operative 

In the early experiments in which the effect of TSH injections was studied, pentobarbitone 
sodium (Nembutal, Abbott Laboratories) 0-6 ml./kg body wt. I.v. was used as the anaes- 
thetic. In the later experiments, which included those dealing with electrical stimulation 
of the hypothalamus, the animals were anaesthetized by intravenous injection of a mixture 
of 2% chloralose and 10% urethane (2-5-3-5 ml./kg body wt.). In all cases the trachea was 
intubated and the anaesthesia-supplemented as required with ether. After anaesthetizing 
the radioactivity in the thyroid region was measured in the manner described by Brown- 
Grant, von Euler, Harris & Reichlin (1954). The rabbit was then fixed in a head holder 
(described and illustrated by Fortier, Harris & McDonald, 1957) and placed in a supine 
position, and a thermometer was inserted in the vagina. A mid-line incision from the cricoid 
to the upper end of the manubrium sterni exposed the infra-hyoid muscles. By gently 
retracting these muscles laterally the two inferior thyroid veins, which run on the postero- 
lateral border of the trachea, were exposed. In the majority of animals the left vein was 
found to be larger than the right. In all manipulations care was taken to avoid disturbance 
in the region of the thyroid gland, which was left covered by muscle and fascia throughout 
the experiment. After ligating and cutting the sternomastoid muscle and the infrahyoid 
muscles on the side of the larger vein, a fine suture inserted in the pretracheal fascia served 
to retract the vein clearly into view. Further dissection was performed with the aid of a 
Zeiss operation microscope giving a magnification of about x 6. The vein was gently freed 
from surrounding fascia and fat, and two fine cotton ligatures placed around a region free 
of tributaries and as far removed from the thyroid gland as possible. (For a description of 
the thyroid blood vessels in the rabbit, see. under Results.) The saphenous arteries in the 
two lower limbs were exposed and ligatures placed in position around these vessels. After all 
bleeding had been carefully controlled, heparin 6000 i.u. (Liquimin; Roche Products Ltd) 
was given intravenously, followed by 1000 i.u. at hourly intervals. Fine polythene cannulae 
were then tied into each saphenous artery, one being connected to a mercury manometer 


and the other clamped and used for obtaining arterial blood samples. A third polythene 


cannula, with a tapered tip, bent at a right angle, was tied into the inferior thyroid vein. 
Blood samples were obtained from the thyroid vein in one of three ways. (1) Blood was 
allowed to flow freely from the thyroid vein cannula into a graduated centrifuge tube, the 
volume atest’ 5-10 ml.) be measured every } hr, 0-5 ml. removed, and the remainder 
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of the blood then returned to the animal through the saphenous artery cannula. (2) The 
thyroid vein cannula was joined to a further polythene cannula inserted via the anterior 
facial vein into the external jugular vein. The junction between the cannulae was broken 
every } hr to allow the collection of about 7 drops of blood. The flow of blood through the 
cannula system was observed with a low-powered ( x 40) microscope after painting the out- 
side of the tube with oil. (3) The thyroid vein cannula was closed with a small polythene 
spigot which was removed at quarter-hour intervals for the collection of about 7 drops of 
blood. To avoid contamination of the sample with stagnant blood in the cannula and vein, 
the first 3 drops were discarded. The rate of flow of blood drops was measured with a 
stopwatch. 0-1~1-0 ml. of each sample was pipetted into a small glass container and diluted 
with water where necessary to bring the volume in all cases to 1:0 ml. Measurement of the 
radioactivity was made with the use of a well-type scintillation counter (Ekco Type N 550A), 
with an automatic scaler (Ekco Type N530D). In the later part of the study a single- 
channel pulse analyser (I.D.L. Type 672) was also used. In some experiments samples of 
thyroid vein blood were analysed for their content of radioactive protein-bound iodine 
(PB***I). The procedures used have been described by Brown-Grant, von Euler e¢ al. (1954). 

Adrenalectomy was performed as described by Brown-Grant, Harris & Reichlin (1954). 
During the first stage operation opportunity was taken of the wide exposure of the abdominal 
contents to remove any accessory nodules of adrenal tissue. 

Electrical stimulation of hypothalamus or pituitary gland was performed by means of 
electrodes inserted 1-2 weeks before the experiment. The electrodes consisted of platinum 
or platinum-iridium wire (s.w.G. 34) insulated to within 0-5-1-0 mm of the tip with glass 
capillary tubing. The insertion of the electrodes has been described by Harris & Woods 
(1958). For bipolar stimulation two electrodes with their uninsulated tips 0-5—1-0 mm apart 
were used. For unipolar stimulation a single electrode was implanted in the head and the 
indifferent electrode placed in the mouth or rectum. At the beginning of the experiment a 
length of lead was extracted through a small nick in the scalp and soldered to leads from 
the stimulator. Stimulation was effected by means of sine-wave a.c., 50 c/s, at 1-0, 1-5 or 
2-0 V. A mercury switch with rotating cam allowed stimulation to be applied during 
alternate quarter minutes for periods of 1—4 hr. 


Drugs 

Thyrotrophic hormone was obtained from Armour and Co., Chicago, U.S.A. (Thyrotrophin, 
batch nos. R377157 and R3506), Organon Laboratories Ltd, (Ambinon, batch nos. 5984A | 
and 6549), Ferring A. B., Malmé, Sweden (Actyron, batch no. 8041), and the National 
Institute for Medical Research, Mill Hill, London (international standard preparation), 
Solid preparations were dissolved in NaCl solution 0-9 % (w/v) and all were administered by 
intravenous or subcutaneous injection in doses ranging from 4 to 200 mg equivalent of 
U.S.P. standard. 

Adrenaline (adrenaline acid tartrate, British Drug Houses Ltd, and adrenaline hydro- 
chloride, Allen and Hanburys Ltd) was infused intravenously at rates of 1-4—8-0 yg/min (as 
base). 

Noradrenaline (u-noradrenaline bitartrate, Bayer Products Ltd, batch no. JC 781) was 
injected 1.v. in doses of 10-50 yg (as base). 

N-(phenoxyisopropyl)- N-benzyl-B-chlorethylamine hydrochloride (Dibenyline, Smith Kline 
and French) was dissolved in propylene glycol and injected subcutaneously in doses of 
1-10 mg/kg body wt. 

11-dehydro-17-hydroxycorticosterone (cortisone acetate; Upjohn) was used to maintain the 
| completely adrenalectomized rabbits. 


Histology 
The histological procedures were those described previously by Harris & Woods (1958) 
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RESULTS 

The anatomy of, and blood flow through, the thyroid vessels in the rabbit 

Plate 1, figs. 1 and 2, illustrates the anatomy of the thyroid blood vessels 
in the rabbit, as determined by dissection after injection of neoprene latex 
into the vessels. The arterial supply to the thyroid enters the upper part 
of the gland. The venous drainage of the thyroid enters first a plexus of 
veins situated between the trachea and oesophagus. This plexus is drained 
(1) by the two inferior thyroid veins passing caudally, and (2) by wide 
communications to a plexus of veins on the thyrohyoid membrane, which 
in turn drains into the pterygoid venous plexus on either side and thus 
into the external jugular veins. It is important to note that the venous 
plexuses have large anastomotic veins crossing the mid line, so that a 
cannula in one of the four veins draining the venous plexuses around the 
larynx delivers blood from a general thyroid pool. The inferior thyroid 
veins are often joined by a small tributary coming directly from the region 
of the isthmus and lower pole of the gland. This tributary must be care- 
fully avoided when inserting the cannula, for if it is inadvertently blocked 
a small region of the gland becomes obviously congested with blood with 
possible leakage of radioactivity into surrounding tissues. It is apparent 
that the inferior thyroid vein drains blood derived in large measure from 
the thyroid but to a small extent also from the trachea, oesophagus and 
other structures in the vicinity. , 

The average blood flow through the thyroid vessels of the rabbit has 
been given as about 6 g blood/min/g thyroid tissue (Monkus & Reineke, 
1958). In the present study the thyroid weight was found to be 165-0 mg 
(s.E. + 9-1) in a series of twenty-two normal adult female chinchilla rabbits. 
The average absolute blood flow through the thyroids of these animals would 
therefore be 1-0 ml./min. This figure is in general agreement with data 
given by Soderberg (1958). 

The blood flow from a cannula placed in an inferior thyroid vein was 


about 0-3-0-6 ml./min. The possibility was considered that cannulation — 


of an inferior thyroid vein might result in sufficient interference with the 
thyroid venous drainage to cause congestion, oedema and damage to the 
thyroid gland. Such a possibility is especially pertinent in the experiments 
in which the cannula was blocked with a spigot except when blood collec- 
tions were made at quarter-hour intervals. However, the following 
observations indicate that such interference with the thyroid circulation 
did not occur: (1) The macroscopic appearance of the gland at the end 
of the experiment was normal in all cases. In twenty-one animals the 
thyroid was removed and fixed at the end of the experiment or 48 hr after 
ligation of an inferior vein, and the microscopic appearance found to be 
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normal. (2) The hydrostatic pressure in the cannula in the inferior 
thyroid vein was low, as demonstrated by the fact that raising the tip of 
the cannula slightly above the neck level resulted in slowing or stopping of 
blood flow. (3) The free exit of blood by other routes indicated by the 
immediate and marked (two or three times) increase in rate of blood flow 
from the cannula when the vessels on the thyrohyoid membrane were 
cauterized or ligated. The profuse venous drainage of the thyroid was also 
demonstrated by retrograde injection of Indian ink through the cannula 
in the inferior thyroid vein at the end of many experiments. The ink 
rapidly filled the laryngeal venous ~ and appeared 1 in the external 


jugular veins. 


The viability of the experimental preparation 

One hundred and nine experiments have been performed. In twenty-six 
cases the animals died within 8 hr, and in twenty of these in less than 4 hr. 
The usual duration of an experiment was 8-10 hr. These deaths could 
not be explained by an overdose of anaesthetic, since anaesthesia was 
easily maintained at a light surgical level with intratracheal ether. Also 
the surgical trauma involved was slight and the body temperature of the 
rabbit carefully controlled with a rectal or vaginal thermometer. After 
the preliminary experiments the blood pressure was recorded at quarter- 
hour intervals and it was observed that in the rabbits that died a marked 
fall in blood pressure occurred in the }—1 hr period preceding death. Intra- 
venous injections or infusions of 0-9°, sodium chloride or ‘Dextraven’ 
(6 % (w/v) solution of dextran in 0-9°/ sodium chloride; Benger Laboratories 
Ltd) resulted in only transient and slight improvement in these cases. 
In the later stages of the work review of the deaths showed that twenty- 
three out of twenty-six occurred in experiments in which shed blood had 
been returned to the animal. This was necessary when blood from the 
cannulated thyroid vein had been allowed to flow freely throughout the 
_ experiment either into a graduated tube or through the polythene anas- 
- tomosis to the external jugular vein. In forty-eight experiments in which 
_ the cannula had been blocked by a spigot and only 0-1 ml. blood samples 
collected at quarter-hour intervals, no shed blood was returned to the © 
animal, and only three animals died throughout the experiment. This 
technique was used in all later experiments. 


Comparison of radioactivity in thyroid vein (V) and 
arterial blood (A) during the control period 
The general plan of the experiments was as follows. After insertion of 
cannulae in the saphenous arteries and thyroid veins, blood samples were 
= collected from the thyroid vein, and the blood pressure and body tempera- 
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ture recorded at quarter-hour intervals. Arterial samples were taken at 
‘}-2 hr intervals, since the radioactive content of these samples changed 
slowly. After 4—6 hr (usually 1-2 hr) of control observations, an injection 
of thyrotrophic hormone was given or electrical stimulation of the hypo- 
thalamus was applied, and observations were continued. 
- Ten measurements made on the blood of six rabbits, both before and 
after administration of thyrotrophic hormone, showed that the plasma 
protein-bound 1![ varied from 77:7 to 103-0% (average 90-6%) of the 
total plasma These observations were made 2-4 days after the 
administration of 20-40 yc 141, and are in agreement with the findings of 
Brown-Grant (1955). It seems therefore safe to conclude that any significant 
change in the radioactive content of the blood in the present experiments 
reflects a change in concentration of plasma PB™I, that is, a change in 
thyroid hormone concentration. | 

Comparison was made of the radioactivity in the first thyroid-vein 
blood sample (V) with that in arterial blood (A) collected simultaneously. 
These samples were obtained 1-2 hr after the beginning of anaesthesia 
and operative procedures. In fifty-three animals the thyroid-vein blood 
had a radioactive content equal to, or slightly higher than, that of arterial 
blood (V/A = 100-120%). In twenty-seven animals the thyroid vein 
- blood had 120-200% the activity in arterial blood, and in six animals 
200-500 °°. It was a frequent finding that in animals, in which a large 
V-A difference was observed in the first blood samples, this difference 
decreased often to zero within 1-2 hr (see Text-fig. 2). It is probable that 
the stress of anaesthesia and operations resulted in depression of secretion 
of thyrotrophic hormone and inhibition of thyroid activity (see Brown- 
Grant, von Euler et al. 1954). 
_ In six out of one hundred and seven animals an increase in the thyroid- 
vein I content was observed during the control period. These rises 
occurred in an apparently spontaneous fashion. It is possible that they 
reflect renewed release of thyrotrophic hormone from the pituitary gland, 


or that they were due to undetected damage to the thyroid gland or its 
circulation. 


The effect of injection of thyrotrophic hormone (TSH) 

The effect of injection of TSH was studied in forty rabbits. Four 
different thyrotrophic preparations were injected intravenously, in doses 
ranging from 4 to 200 mg equivalent U.S.P. standard powder. In view of 
the fact that adrenaline or sympathetic-induced vaso-constriction of the 
thyroid blood vessels might influence the results, studies were made on 
both normal rabbits (12), and rabbits previously given a sympatholytic 
agent (Dibenyline) (20) or subjected to complete adrenalectomy (8). The 
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Dibenyline was administered subcutaneously the night before, and on the 
morning of, the experiment in doses of 5-10 mg/kg body wt. The adrenal- 
ectomized animals were maintained on small doses of cortisone. No 
differences were observed between the responses of these and the normal 
animals to injection of TSH. 
_ The typical response to injection of TSH is shown in Text-figs. 1, 2 and 3. 
After a latent period of 15-30 min the radioactivity in thyroid vein blood 
increased. The peak of the response occurred between 1 and 3 hr after 
injection (average 115 min) and showed a rise to 14-9 times (average 
3-8 times that of the initial value of arterial blood). Following the peak of | 


1600 ~ 


1400 


1200 - 


(counts/100 sec) 


: 


| Hours 
Text-fig. 1. Rabbit 1256. Thyroid response to injection of TSH at arrow. V, radio- 
activity of thyroid vein blood; A, radioactivity of arterial blood. 


the response, the radioactivity in the thyroid vein blood fell gradually and 
was usually still high several hours later. The radioactive content of arterial 
_ blood usually showed changes similar to that of the thyroid vein blood but 
on a greatly reduced scale (see Text-fig. 1). ; 

The rate of blood flow through the cannula in the thyroid vein showed 
some variation throughout the course of any experiment. The example 
_ depicted in Text-fig. 1 is typical. In this experiment the flow of blood 
from the thyroid vein varied from 3-7 to 9-5 ml./15 min over the 7-hr — 
period. However, the curves representing the results have the same 
general shape whether the radioactivity of thyroid vein blood per unit 
34 | PHYSIO. 
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volume or unit time of collection is plotted against time (Text-fig. 3). This 
indicates that the variations in thyroid blood flow which occurred do not 
affect the general interpretation of the results in terms of thyroid activity 
This may be due in large measure to the fact that at the time of injection 
of TSH the release of thyroid hormone had almost completely ceased 


t=) 
| 


—_ 


3 4 5 6 7 8 
Hours 
Text-fig. 2. Rabbit 1249. Thyroid response to injection of TSH. Difference in 
radioactivity between thyroid vein blood and arterial blood plotted against time. 
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Text-fig. 3. Rabbit 1259. Thyroid response to injection of TSH plotted as in Text- 
fig. 2 @—®, and also as the product of the arterio-venous radioactivity difference 
and the rate of thyroid vein blood flow @---@. 
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(Text-figs. 1, 2, 3). Under these circumstances the hormone content of the 
venous blood leaving the gland would not be appreciably affected by 
changes in rate of blood flow. The fact that the PBI content of arterial 
blood showed increases of up to double the initial value emphasized the 
great increase in thyroid secretion which occurred. | 


The effect of adrenaline and noradrenaline 


Since it has been reported that injection or infusion of adrenaline or 
noradrenaline affects thyroid activity, it was of interest to study the 
effect of these drugs under the conditions of the present experiments. 
Single or multiple injections of L-noradrenaline bitartrate (10-50 ug doses, 
as base) were given intravenously to seven rabbits. In four cases the 
injection followed administration of TSH. In no case did the noradrenaline 
appear to affect the V-A difference, either when given alone or given at the . 
peak of a thyroid response to TSH. 

Adrenaline acid tartrate or hydrochloride infusions were given intra- | 
venously to five rabbits at a rate of 1-4~-8-0 g/min (total dose of 116— 
1100 yg, as base) for periods of 72-110 min. In two animals the infusions 
were started 14 and 43 min before injection of TSH and in the other three 
the infusions were given during the peak of a thyroid response to TSH ~ 
injection. In these few cases no increase of thyroid vein blood radio- 
activity could be ascribed to the adrenaline infusion, and no obvious change 
was observed in the response to injection of TSH. 


The effect of electrical stimulation of the hypothalamus 


~ The effect of electrical stimulation of the hypothalamus was studied in 
twenty-eight rabbits. Fourteen of these were pre-treated with Dibenyline, 
three were subjected to adrenalectomy and eleven were normal animals. 
No distinction could be made between these three groups on the basis of 
their thyroidal response to electrical stimulation. Thirty-three periods 
of stimulation, lasting for 3-6 hr (usually 1-2 hr), were applied in these 


animals. If no thyroidal response occurred during or after the period of 


stimulation, the reactivity of the thyroid gland was controlled by _— 
the response to injection of TSH. 
Electrical stimulation of various regions of the hypothalamus or pitui- 


tary gland resulted in no observable change in thyroid activity in twelve 
animals, and an increase in sixteen animals. In the latter sixteen animals 
the responses were qualitatively similar to those observed after injection 


of TSH (Text-figs. 4, 5 and 6). A latent period of 15-30 min was followed 
by a rise of radioactivity in the thyroid vein blood which reached a peak 
within 4-3 hr (average 90 min) after starting stimulation. The magnitude 
of the peak radioactivity varied from 1-3 to 4-7 times (average 2-2 times) 
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that of the initial value in arterial blood. In eight cases the peak level of 
the V-A difference was maintained throughout the period of stimulation ; 
in the other eight animals the response diminished though stimulation was 


S 750 
3 
500 Stimulus 
250- 
< 
> 
‘ 
T T T 1 
Ww 2 3 4 6 7 
Hours 


Text-fig. 4. Rabbit 1209. Thyroid responses to electrical stimulation of the 
hypothalamus, followed by injection of TSH. Inset, outline of horizontal section 
of the hypothalamus, showing the position of the electrode tips (see Pl. 2, fig. 8). 
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Text-fig. 5. Rabbit 1216. Thyroid response to two periods of electrical stimulation 
of the hypothalamus. Inset, outline of horizontal section of hypothalamus, 
showing the position of the electrode tips (see Pl. 2, fig. 4). 
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maintained. In all animals the V-A difference had approximated to 
previous control values within 3 hr of the end of stimulation. Repetition 
of the stimulus was followed by a second response, which was however 
smaller than the first (see Text-fig. 5). In ten animals a small but distinct 


rise in radioactivity in arterial blood was observed in relation to the — 


thyroidal response. 
2500 
Stimulus TSH 
| 
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Text-fig. 6. Rabbit 1208. Thyroid response to electrical stimulation of the hypo- 
thalamus followed by injection of TSH. Plotted as the product of the arterio- 
venous radioactivity difference and the rate of thyroid vein blood flow. Inset, 
outline of horizontal section of hypothalamus, showing position of the electrode 
tips (see Pl. 2, fig. 3). 


The site of the stimulating tips of the electrodes was determined histo- 


logically from study of serial sections through the region of the hypo- 


thalamus and pituitary gland (PI. 2). In all sixteen animals in which a 
thyroid response had been obtained the electrode was found to be in a 
position to stimulate the supraopticohypophysial tract, either in the 
median eminence or in the tuber cinereum anterior to the median eminence. 
In the animals in which a thyroid response had not been obtained the 
electrodes were found to be in the mammillary region of the hypothalamus 
(3 rabbits), mid-line tuberal region of the hypothalamus (5 rabbits), 


_ anterior pituitary gland (1 rabbit) and the region of the supraopticohypo- 


physial tract (3 rabbits). 
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DISCUSSION 


Protein-bound "I has been found to account for 90 % of the total plasma 
radioactivity 30 hr after the injection of radioactive iodine into female 
rabbits (Brown-Grant, 1955). In the present study 77-7—103-0 % (average 

90-6 %) of the plasma radioactivity was protein-bound 2-4 days after 
administration of 1*1I, The animals used were kept under similar conditions 


in the same laboratory as those investigated by Brown-Grant (1955) and | 


the results are in good agreement. It is likely that, for technical reasons, 
the above average is somewhat lower than the true figure. There can be 
little doubt that changes in radioactivity of the blood, under the present 
conditions, reflect changes in blood concentration of thyroid hormone. 
The significance of the function of an endocrine gland for the organism 
as a whole is most clearly expressed in terms of quantity of hormone 
secreted per unit time. This quantity may be defined in terms of the rate 
of blood flow through the gland and the hormonal concentrations in the 
arterial blood entering, and the venous blood leaving, the gland. In the 
present experiments the concentration of hormone in arterial blood was 
accurately measured and the concentration in thyroid vein blood, which 
is slightly diluted with blood from the larynx, trachea and oesophagus, 
was also obtained. The absolute rate of blood flow through the thyroid 


was not measured. One of four veins draining the thyroid region was_ 


cannulated and the rate of flow through this vein observed throughout the 
experiments. In general it was assumed that the flow of blood observed 
in the inferior thyroid vein is related to total thyroid blood flow. However, 
two factors have to-be considered. First, constriction of the inferior 
thyroid vein or clotting of blood around the mouth of the cannula in the 
vein (which seemed to occur early in the experiments, perhaps owing to 
the manipulations during cannulation) results in a reduction in the rate 
of flow observed, which is not necessarily related to a reduction in the 
rate of total thyroid blood flow. Under these circumstances the concen- 
tration of radioactivity in thyroid-vein blood remains constant, though 
the total amount of radioactivity discharged through the inferior thyroid 
vein per quarter hour falls. Secondly, vasoconstriction of the thyroid 
vessels in the gland itself results also in a reduction of rate of flow through 
the cannulated vein. This seemed to occur more frequently late in the 
experiments, possibly as a consequence of a fall in the general systemic 
blood pressure. This results in a proportionate rise in the concentration 
of radioactivity in thyroid vein blood although the amount of hormone 
secreted per quarter hour, and the amount of hormone collected from the 
cannulated thyroid vein per quarter hour, remain constant. The results 
may be expressed graphically in one of two ways. Either the difference in 


3 col 
ms 
rat 
pl 
ple 
a8 
22 
th 
(1 
ble 
av 
re] 
it 
tic 
ou 
th 
T 
an 
| T 
be 
th 
pr 
pr 
th 
tic 
in] 
th 
| ce 
on 
fo: 
fig 
an 
| ac 


HYPOTHALAMIC STIMULATION 539 


concentration of radioactivity in arterial and thyroid vein blood (V-A) 


may be plotted against time, or the product of the V-A difference and the 
rate of flow from the inferior thyroid vein (V-A x rate of flow = total 
radioactivity liberated by the thyroid into the inferior thyroid vein) may be 
plotted against time. Text-figure 3 shows the result of a typical experiment 
plotted in both ways. It may be seen that plotting V-A against time gives 
a smooth curve in the early control period, whereas V-A x flow rate plotted 
against time results in a smooth curve toward the end of the experiment. 
The general features of the response plotted in the two ways differ little. 

The proportion of thyroid venous blood collected from a cannulated 
inferior thyroid vein is probably about 50%. The most accurate data on 
thyroid blood flow in the rabbit appear to be those of Monkus & Reineke 


(1958) and Soderberg (1958). For a thyroid gland of 165 mg weight the 


blood flow would be about 1 ml./min. In the present experiments an 
average collection rate was 4 ml./min. This figure does not necessarily 
represent the normal rate of blood flow in the inferior thyroid vein, since 
it is dependent on the hydrostatics of the cannula system. The data men- 
tioned above on which the estimate of thyroid blood flow is based, and 
our own data regarding the proportion of thyroid venous blood collected 
from the cannulated vein, include an error due to blood from tissues other 

than the thyroid draining into the inferior thyroid vein. This error has not 
been evaluated but is probably small. 

The present procedure as applied to the thyroid gland has a great 
advantage as compared with similar experiments on the adrenal gland. 
The thyroid gland of the rabbit is rapidly inhibited by the stress of 
anaesthesia and surgical trauma (Brown-Grant, von Euler et al. 1954). 
Thus the effect of various procedures in evoking secretion of TSH can 
be observed against a quiescent background. The reverse is the case with 
the adrenal gland in which the non-specific stimuli associated with the 
preparation of the animal result in marked adrenal activation. In the 
present work it was frequently observed that a large V-A difference in 
the first blood samples rapidly decreased or disappeared. Similar observa- 
tions have been made by Séderberg (1958). This affords evidence of the 
inhibitory effect of stress on rabbit thyroid function. 

It is difficult to convert results obtained with "I into absolute terms of 
. thyroid function. If accurate figures were available for the blood con- 
centrations in an animal of PB?2’I and PBI at any given moment, then, 
on the assumption that the PB!2’I and PB™I were in equilibrium, values 
for radioactivity could be converted into micrograms of thyroxine. Such 
figures were not available in the present work. It is not possible to express 
_ any given response of the thyroid as a proportion of its normal level of 
_ activity on the basis of radioactive measurements alone, since by the time 
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the first sample is collected the normal activity of the thyroid has been 
inhibited by the procedures involved. Therefore a thyroid response in 
an animal cannot be compared quantitatively with that of another, though 
the magnitude of multiple responses in a single animal may be so compared. 

The response of the thyroid gland to an injection of TSH occurs more 
rapidly than was suspected a few years ago, since it becomes apparent 
in 15-30 min. The figure for this latent period in rabbits, given by Séder- 
berg (1958), of 5-30 min is probably more exact owing to the method 
used for collecting blood samples. Ackerman & Arons (1958) report a 
latent period of 15-20 min in the dog. Comparison may also be made with 
the time relations (latent period about 3 hr) of the thyroid inhibition 
which follows injection of thyroxine or application of a stressful stimulus 
(Brown-Grant, von Euler et al. 1954; Brown-Grant, Harris & Reichlin, 
1954). Séderberg (1958) reports a cessation of thyroid activity within 
3 hr of the beginning of operative trauma and a similar figure has been 
found in the present study. | | 

Administration of adrenaline or noradrenaline has been reported to 
influence thyroid activity. Adrenaline was found to be active in causing 
@ constriction of the thyroid blood vessels (Gunning, 1917; Mason, 
Markowitz & Mann, 1930) and a reduction in thyroid blood flow (Sdder- 
berg, 1958). Brown-Grant & Gibson (1956) reported that intravenous 
infusion of 2-4 ug/min of adrenaline bitartrate produced a complete 
inhibition of the uptake of }*1I by the thyroid of the rabbit. In view of the 
above findings it is surprising that Ackerman & Arons (1958) report that 
adrenaline infusion in dogs results in a marked increase in secretion of 
thyroid hormone. Sdderberg (1958) found that small doses of adrenaline 
or noradrenaline in rabbits andcats pre-treated with TSH evoke a transient 
(about 1 min) increase in thyroid secretion, though large doses of these 
hormones were inhibiting. In the present study intravenous infusion of 


_. adrenaline (1) did not abolish, nor alter qualitatively, the thyroid response 


to a subsequent injection of TSH, and (2) had no obvious effect on a 
thyroid response to a previous dose of TSH. 

Electrical stimulation of the hypothalamus resulted in a thyroidal 
response similar in its time relations to that following administration of 
TSH. The magnitude of the responses seemed less than those seen after 
injection of large doses (> 4 mg equivalent U.S.P. standard) of TSH. 
This observation is based on experiments on animals that had responded 
to electrical stimulation of the hypothalamus: with increased thyroidal 
activity and in which a subsequent injection of TSH evoked a similar but 
greater response. It is noteworthy that electrical stimulation of the 
hypothalamus induced an increase in thyroid activity even in the presence 

of a stress-induced thyroidal inhibition. Since Harris & Woods (1958) 
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have noted a maintained increase in thyroid function, consequent to 
hypothalamic stimulation, in spite of a raised blood thyroxine level, it 
would seem that neural influences on the rate of TSH secretion preponderate 
over the inhibitory effects of stress and a raised thyroid-hormone con- 
centration in the blood. 

The hypothalamic site of electrical stimulation effective in exciting an 
increased release of TSH was in the region of the supraopticohypophysial 
tract. This confirms the previous observations of Harris & Woods (1958). 
Similar stimuli applied to other areas in the tuber cinereum, or to the — 
mammillary bodies, or pituitary gland directly, failed to elicit any thyroidal 
‘response. It should be pointed out, however, that three out of twelve 
animals, in which stimulation was not followed by increased thyroid 
activity, were later found to have electrodes in the supraopticohypophysial 
region. The negative results in these animals may be attributed to one or 
more of many factors such as respiratory or circulatory failure. The finding 
that it is the supraopticohypophysial tract region which is the effective — 
site of electrical stimulation agrees well with the reports of many workers 
(Ganong, Fredrickson & Hume, 1955; Greer & Erwin, 1956; Bogdanove, 
1957; D’ Angelo, 1958; Purves, Sirett & Averill, 1958) that lesions in the 
basal areas of the anterior hypothalamus are associated with decreased 
thyroid activity. Harris & Woods (1958) found that electrical stimulation 
of the supraopticohypophysial tract area in normal rabbits was followed 
by increased thyroid function. After adrenalectomy and maintenance on 
small daily doses of cortisone, the thyroidal response to stimulation was 
increased. In six other animals, in which the electrodes were situated 
slightly more posteriorly in the hypothalamus, and in which no thyroid 
response had been obtained previous to adrenalectomy, constant and 
marked thyroidal activation in response to stimulation was observed after 
this operation. In the present work experiments could not be done in the 
same animal before and after adrenalectomy. However, the response 
obtained in adrenalectomized animals did not show any obvious differences _ 
from those obtained in other rabbits. It is difficult to draw any conclusions 
in this respect since the periods during which thyroid function was investi- 
gated differed so greatly in the two studies. The fact that adrenalectomized 
tabhits and those treated with Dibenyline: show a clear-cut response to 
hypothalamic stimulation demonstrates that the effect of such stimulation 
is independent of activation of the adrenal medulla or sympathetic system. 


SUMMARY 
1. A technique has been devised for observing acute changes in thyroid 


activity in anaesthetized rabbits over periods of about 8 hr. The animals, 
injected with 131] 4 days previously, had cannulae placed in an inferior 
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thyroid vein and a saphenous artery, and blood samples were removed every 
quarter hour. About 90% of the radioactivity was found to be protein- 
bound, so that changes in radioactivity in arterial and thyroid vein blood 
could be taken to reflect changes in thyroid function. This preparation was 
used to observe the effects of administration of thyrotrophic hormone 
(TSH) and of electrical stimulation of different regions in the hypothalamus 
and pituitary gland. Normal and adrenalectomized rabbits, and rabbits 
pre-treated with Dibenyline, showed no differences in the thyroidal 
responses to such stimuli. 

2. Control experiments showed that, under the conditions of the experi- 

ment, thyroid function rapidly decreases or disappears. This low-level 
activity persists for many hours and is probably due to the stress of 
anaesthesia and surgical trauma inhibiting TSH secretion by the pituitary 
gland. 
: 3. Administration of exogenous TSH resulted in a marked increase in 
radioactivity in thyroid vein blood, commencing in 15-30 min and reaching 
peak values in about 2hr. Injection or infusion of adrenaline or nor- 
adrenaline did not evoke such an increase, and did not modify the response 
to TSH. 

4, Electrical stimulation of the hypothalamus in the region of the 
supraopticohypophysial tract resulted in changes in sixteen out of nineteen 
animals similar to those following injection of TSH. Stimulation in other 
regions of the hypothalamus or in thé pituitary gland was without effect. 

5. The rapid increase in radioactivity in thyroid vein blood, induced 
by injection of TSH or hypothalamic stimulation, was reflected by a small 
and slow rise ti arterial blood radioactivity. 

6. It is concluded that an acute preparation may be satisfactorily used 
for investigation of factors influencing thyroid function; that the thyroid 
responds rapidly to an increased concentration of TSH in the blood; and 
that electrical stimulation of the region of the supraopticohypophysial 
tract of the hypothalamus causes a discharge of TSH from the anterior 
pituitary gland. 
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EXPLANATION OF PLATES 


PLATE 1 


Anatomy of the thyroid blood vessels in the rabbit. Fig. 1. The thyroid arteries. (Dissection 


following injection of the arterial system with neoprene latex). Fig. 2. The thyroid veins 
(Neoprene latex cast). 


PLATE 2 


Photomicrographs of horizontal sections through the hypothalamus and surrounding 
structures in different animals. The sections are 100, thick and are stained with haema- 
toxylin and eosin or Weigert’s iron-haematoxylin. A, anterior wall of thyroid ventricle; 
E, site of uninsulated tips of electrodes; IC, internal carotid artery; MB, mammillary 
body; V, third ventricle. Fig. 1. Rabbit 1208. Bipolar electrodes in anterior tuber cinereum ; 
_ thyroid excitation on stimulation (see Text-fig. 6). Fig. 2. Rabbit 1216. Bipolar electrodes 
in median eminence ; thyroid excitation on stimulation (see Text-fig. 5). Fig. 3. Rabbit 1284. 
Bipolar electrodes in anterior tuber cinereum; thyroid excitation on stimulation. Fig. 4. 
Rabbit 1190. Bipolar electrodes in median eminence; thyroid excitation on stimulation. 
Fig. 5. Rabbit 1197.. Bipolar electrodes in tuber cinereum, posterior to region of supra- 
opticohypophysial tract; no thyroid excitation on stimulation. Fig. 6. Rabbit 1209. 
Bipolar electrodes in mammillary body; no thyroid excitation on stimulation (see Text- 
fig. 4). : 
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THE PHOSPHORUS METABOLISM OF SQUID AXONS AND ITS 
RELATIONSHIP TO THE ACTIVE TRANSPORT OF SODIUM 


By P. C. CALDWELL* 
From the Laboratory of the Marine Biological Association, Plymouth 


(Received 9 March 1960) 


. The work described in this paper was undertaken as a result of the 
finding of Hodgkin & Keynes (1955) that the sodium efflux from the giant 
axons of cephalopods can be markedly reduced by the action of metabolic 
inhibitors. Hodgkin and Keynes showed that the efflux of Na from the 
giant axons of the squid Loligo forbesi and the cuttlefish Sepia officinalis 
was reduced when the axons were immersed in artificial sea water con- 
taining cyanide, 2.4-dinitrophenol (DNP) or azide. If at a later stage the 


_ axons were immersed in inhibitor-free artificial sea water there was a 


substantial recovery of the efflux. In experiments with Sepia axons the 
changes in the Na efflux were found to correspond with changes in the 
“K influx, which decreased in the presence of the inhibitors and increased 
again when the inhibitors were removed. The **Na influx and the *K 
efflux were not, on the other hand, affected to a significant extent by the 
inhibitors. The effects of metabolic inhibitors on the sodium efflux from 
the giant axons of the squid Loligo pealii have been studied by Shanes & 
Berman (1955) and it was shown that anoxia causes a decrease in the 
efflux of 7*Na. Shanes and Berman also treated some axons with mono- 
iodoacetate and their results suggest that this inhibitor does not affect 
the sodium efflux. The effects of ouabain on the **Na efflux from the giant 
axons of Loligo forbesi have been studied (Caldwell & Keynes, 1959) and 


_ this substance has been found to cause a sharp fall in the efflux. 


Various suggestions have been made about the way in which the energy 


required for the active transport of ions across cell membranes may be 
_ derived from metabolism. The most notable of these are the Redox Pump 
_ theory of Conway (see, for example, Conway, 1958) and the idea that the 
_ transport of ions may be linked in some way to the phosphate esters in the — 


cell, in particular to those with ‘high-energy’ phosphate bonds. Since 
metabolic inhibitors had been found to inhibit the efflux of sodium and 
the influx of potassium of cephalopod axons it seemed that an investigation 


_ of their effects on the phosphorus metabolism might provide evidence for a 
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correlation between the ability of the axons to transport sodium and potas- 
sium and the content of ‘high-energy’ phosphate esters. Such a correlation 
has in fact been found and it therefore seems likely that the ‘high-energy’ 
phosphate esters play some part in the mechanism of ion transport. 

Preliminary accounts of various parts of this work have been given 
to the Physiological Society (Caldwell, 1956), to the Biochemical Society 
(Caldwell, 1957), to a colloquium organized by the Institut National des 
Sciences et Techniques Nucléaires (Caldwell, 1958a) and to the 4th Inter- 
national Congress of Biochemistry (Caldwell, 19585). 


METHODS 


Material. The hindmost stellar giant axon of Loligoj oroesi was used in the whole of this 
work. Whenever possible the giant axons from large specimens (mantle length up to 20 in., 


50 cm), which are available between October and January, were used. The hindmost giant — 


axons from these specimens are usually 700-900, in diameter and chromatographic 
separation and estimation of the phosphate compounds can be carried out on extracts from 
only one axon. In a few cases, when large squid were not available, pairs of the hindmost 
stellar giant axons from two or three smaller squid were used, one axon from each pair 
being exposed to one set of conditions and the other axon to the contrasting set of conditions. 
When more than one pair of axons was used the axoplasm from each set of axons which 
had been exposed to a given set of conditions was pooled. : 2 

General experimental procedure. In all experiments the axons were first carefully dissected 
from the mantle and then tied at both ends with cotton. It was not found necessary to clean 
away the rest of the nerve trunk in order to carry out the experiments. After dissection the 
axons were made to conduct impulses at the rate of about 50/sec for 5-10 min, since the 
axons used by Hodgkin & Keynes (1955) had been subjected to this treatment in order to 
load them with sodium. The axons were allowed to recover for a short while in sea water 
and then the experiment was started. 

The experiments were usually carried out in one of two ways. In one type of experiment 
one axon of a pair was soaked in a ‘sea water’ containing an inhibitor while the other was 
soaked in inhibitor-free sea water. After a given period the two axons were taken for 
analysis of the phosphate compounds. In the second type of experiment the axons were 
soaked in a ‘sea water’ containing an inhibitor, usually for 90-105 min, and then one axon 
of a pair was taken for analysis of the phosphate compounds while the other was transferred 
_ to inhibitor-free sea water. After 50—75 min in inhibitor-free sea water the second axon was 
taken for analysis of the phosphate compounds. 

The following inhibitors and inhibitor concentrations were used: cyanide, 2mm; DNP, 
0-2 mm; azide, 3mm; ouabain, 10-'m. These cyanide, DNP and azide concentrations fall 
within the concentration ranges used by Hodgkin & Keynes (1955) to inhibit the sodium 
efflux from Sepia and Loligo giant axons, while the ouabain concentration is that used by 
Caldwell & Keynes (1959). 

The ability of the axons to conduct action potentials was checked at various stages during 
the experiments, in particular just before each axon was taken for analysis of the phosphate 
compounds, Axons or parts of axons which were no longer excitable were discarded. The 


temperature during the experiments was usually between 14 and 20° C., pH measurements 


were done with a glass electrode system and a pH meter. : 
Separation and analysis of the phosphate fractions. The axoplasm was first extruded from 

the axon. This was usually done in a cold room. The axon was first placed on a cooled surface 

in order to cool it. After about a minute it was blotted with a piece of filter paper in order 
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to remove the adhering moisture and it was then cut at the ganglion end, The axon was then 
placed on @ cooled microscope slide and the axoplasm pressed from the cut ganglion end 
on to the slide by means of a glass rod. The axoplasm was then rapidly transferred into a 
small glass cup containing a weighed amount (W,, usually 50-150 mg) of cold 5 % trichloro- 
acetic acid (TCA) and the lumps of axoplasm were squeezed and pressed with a small glass 
rod for a few minutes to facilitate the penetration of the acid. The cup and its contents 
were then weighed to obtain the weight of the axoplasm (W,) from the increase in weight. 
(W, was usually 25-60 mg; the weight of material lost on the glass rod used for squeezing 
the axoplasm was found to be negligible.) The cup and its contents were then left in a 
refrigerator for about an hour to allow the extraction of the phosphate compounds to take 
place. The lumps of axoplasm were then squeezed once more and as much as possible of the 
TCA extract was removed with a small glass pipette and transferred to a second small 
weighed glass cup. The weight (W,, usually 55-105 mg) of the extract transferred to the 
second cup was then obtained from the increase in weight. At no stage in the extraction 
process did the denatured protein material of the axoplasm show any tendency to disperse 
in the TCA and it was quite easy to remove the extract from this material without any 
preliminary separation procedure such as centrifuging. 

A small quantity (W,, usually 15-30 mg) of an approximately 0-1 solution of di-sodium 


ethylene-d e-tetra-acetate (EDTA) in concentrated ammonia was then added to 


neutralize the TCA and to bind the calcium and magnesiurh in the extract in the form of 
soluble complexes and so prevent them from interfering with the chromatography of the 
phosphate compounds. As much as possible of the neutralized extract was then transferred 
to a second small glass pipette which was then weighed. Successive quantities of the extract 
were then applied to the filter paper for the chromatographic separation. The extract was 
confined to an area of about 1-2 cm? and after each application the moisture was removed 
by blowing a current of cold air over the paper. When all the extract had been put on the 
paper, the weight applied (W,, usually 70-130 mg) was obtained by weighing the small 
glass pipette once more. The chromatogram was then run in two dimensions in the way 
described previously for muscle extracts (Caldwell, 1953), being run in one dimension for 
about 15 hr in an n-propanol—a ia solvent (60 ml. n-propanol—30 ml. conc. ammonia— 
10 ml. distilled water) and for about 6-10 hr (i.e. until the solvent front had nearly reached 
the bottom of the paper) in the second dimension at right angles in a picric acid—tert-butanol 
solvent (80 ml. tert-butanol—20 ml. of a solution of picric acid (200 g/l.) in distilled water). 
In a few of the experiments the second dimension was run in a tert-butanol-TCA solvent 
(80 ml. tert-butanol—20 ml. of a solution of TCA (200 g/l.) in distilled water). The pattern 


of separation in this solvent’ is on the whole similar to that in tert-butanol—picric acid, the 


R, values being somewhat smaller. In one experiment the chromatogram was first’run to 
the bottom of the paper in n-propanol-ammonia and after drying was then run to the bottom 
in the same direction in a slightly modified tert-butanol-TCA solvent (75 ml, tert-butanol- 
25 ml. of a solution of TCA (160 gm/I.) in distilled water). 

The phosphate compounds were detected on the chromatograms by means of the moly- 


_bdate~H,S method of Hanes & Isherwood (1949). In the case of chromatograms for which 


tert-butanol-TCA had been used as the second solvent the chromatogram was sprayed first 
with potassium permanganate (~ 70 mg/100 ml.) and put into an atmosphere of chlorine. 


_ According to Gerlach & Déring (1955), this treatment shows the presence of compounds 


containing adenine, in particular the adenosine phosphates, ATP, ADP and AMP, which 
appear as yellow spots which change to a deep red when subjected to alkaline conditions. 


For the quantitative determinations of the phosphorus present in the various ‘phosphate — 


fractions the appropriate area of paper was cut out, oxidized with H,SO, and KHSO,, and 
the phosphorus then estimated colorimetrically. The procedure used was similar to that 
usec in previous work on muscle (Caldwell, 1953). An improvement was introduced into 
the method in that the excess sulphuric acid was removed from the melt of KHSO, when 
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the oxidation was complete by sucking the sulphuric acid vapour out of the conical Pyrex 
digestion flask by means of a glass tube attached to a water pump. In this way the excess 
sulphuric acid was easily removed and very little of the ida cried escaped into the fume 
cupboard and room. 

The value (in yg P) obtained for the phosphorus in each of the phosphate fractions was 
multiplied by the factor 1000 x (W,+ W,) x(W,+ W,)/W,W,W, to give the amount present 
in terms of yg P/g axoplasm. (This method of calculation assumes that at the stage of the 
TCA extraction the phosphate compounds are uniformly distributed between the TCA 
extract and the denatured insoluble axon debris. This is probably not so. The errors 
introduced were, however, probably small since the amount of insoluble debris was small 
in relation to the volume of TCA extract.) | 

In some of the experiments the lumps of insoluble axon debris remaining after the removal 
of the TCA extract were extracted a further two times with the TCA solution and then the 
total non-extractable phosphorus was determined by the method used for the determination 
of the phosphorus in the spots on the chromatograms. 

It is unlikely that much of the arginine phosphate in the axons broke down during the 
course of the early stages of the analyses. A test in which a sample of arginine phosphate 
was subjected to the same treatments as the axoplasm as far as the stage just before the 
application of the extract to the paper showed that not more than 2% of the arginine 
phosphate breaks down during this part of the procedure. It is possible that there may be 
some slight break-down of the arginine phosphate during the running of the chromatograms 
in the second solvent, since a faint streak is sometimes visible below the arginine phosphate 
spot. However, in the course of this work one of the axons used was found to contain 
161 yg P/g arginine phosphate and only 66 yg P/g orthophosphate. The maximum possible 
arginine phosphate break-down is therefore about 30%. 

DNP determinations. Some experiments were done in which the amounts of DNP taken 
up by the axons from sea waters of different pH were measured. After soaking in the DNP- 
containing sea water, each axon was first washed rapidly in DNP-free sea water and dried 
quickly on the outside with a filter paper, and then the axoplasm was extruded. The axo- 
plasm was put into a weighed glass cup containing 0-1 ml. of 5% TCA and the cup and its 
contents were reweighed to obtain the weight of the axoplasm. About 0-5 ml. of distilled 
water was added and the axoplasm was extracted during the night. The insoluble axon 
debris was then removed and 0-1 ml. of a 0-1m solution of EDTA in ammonia was added to 
the extract. The ammonia converted the DNP into the yellow anionic form while the EDTA 


pen the precipitation of any calcium or magnesium which might have been present. 


e extract was then made up to 1:3 ml. with distilled water. Absorption curves for the 
extracts were measured between 3500 and 5000 A with a Unicam spectrophotometer. 
Extracts of axons which contained appreciable amounts of DNP gave curves very similar 
to those obtained with DNP standards containing the same amounts of TCA and EDTA 
as the extracts. A plot of (Optical density at 3900 A— Optical density at 5000 A) against 
the amount of DNP present was linear for the DNP standards and this plot was used as a 
calibration curve for the determination of the DNP contents of the extracts from the 
optical density readings at these two wave-lengths. Axons which had not been treated with 
DNP were found to contain a small amount of absorbing material which was equivalent to 


about 0-022 m-mole DNP/kg of axoplasm, and an allowance was made for it in working 
out the DNP contents. 


Substances used as chromatographic markers. The ATP sample used was a sample of the | 


potassium salt which had been obtained from the Sigma Chemical Company. Of the two 
arginine phosphate samples, one was a gift from Professor A. H. Ennor, and the other was 
a sample which had been prepared from Palinurus vulgaris muscle by methods based on 


those of Ennor, Morrison & Rosenberg (1956). The arginine and glycocyamine were corm- 
mercial samples. 
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RESULTS 
The identity of the phosphate fractions present in squid axons 
The molybdate—H,S method of Hanes & Isherwood (1949) shows the 
presence of three main phosphate fractions on chromatograms of extracts 


of the axoplasm from unpoisoned squid axons. One of these fractions is 


orthophosphate, since it travels the distances expected for orthophosphate 
and reacts rapidly with the molybdate spray to form yellow phospho- 
molybdate before the chromatogram has been heated. (With chromato- 
grams run in tert-butanol-picric acid the yellow spot formed by ortho- 


. Taste 1, Distances travelled on two-dimensional chromatograms by the phosphate 
fractions in squid axoplasm and by ATP and arginine phosphate, as 
(Distance travelled) /(Distance travelled by orthophosphate) 
Distance travelled 


A. 


In n-propanol- In tert-butanol- 


ammonia picric acid 
Fractions in squid axoplasm: 
ATP fraction 0-81 0-13 
Arginine phosphate fraction 1-10 0-65 
Unknown « 0-52 0-10 
Known substances: 
ATP 0-86 0-19 
' Arginine phosphate 1-19 0-71 


phosphate was obscured. If, however, the chromatogram was dried in a 
current of warm air after spraying with the molybdate reagent the spot 
became visible, since the other parts of the chromatogram went colourless.) 
The other two main fractions travel about the distances expected for ATP 
and arginine phosphate and have been assumed to consist of these com- 
pounds. The distances travelled by the ATP and arginine phosphate 
fractions in the solvents which were usually used for two-dimensional 
chromatography are given in Table 1, together with the distances travelled 
on two two-dimensional chromatograms by samples of authentic ATP 
and arginine phosphate. The distances given in the Table are in terms of 
the distance travelled by orthophosphate. The values given for the 
fractions in the axons are for extracts from unpoisoned axons, but closely 
similar distances were found when these fractions occurred in extracts of 
poisoned axons. It will be seen that the mean values for the distances 
travelled by the ATP and arginine phosphate fractions are close to the 
distances travelled by the authentic ATP and arginine phosphate. 
Further tests were done to establish the identity of the ATP and arginine 
phosphate fractions. In the case of the ATP fraction the Gerlach & Doring 
(1955) test for adenine compounds was used on some chromatograms for 
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which tert-butanol-TCA had been used as the second solvent. The A‘l'P 
spot gave the same positive reaction as authentic ATP, indicating that it 
consisted of an adenine-containing compound. 

In the case of the arginine phosphate fraction, the following additional 
experiments were carried out. Chromatograms of extracts of axoplasm 
from unpoisoned axons were first run in n-propanol-ammonia in the normal 
way. Arginine phosphate, arginine and glycocyamine markers for the 
second dimension were then applied and the chromatograms were then 
heated at 100° C for 2 or 3 hr in order to decompose the arginine phosphate. 
The chromatograms were then run in the second dimension in solvents 
suitable for the separation of the guanidine bases found in invertebrate 
phosphagens. The bases were detected on the chromatograms by the 
method described by Hobson & Rees (1955) for the detection of arginine- 
like bases. In all three solvents used the base from the squid phosphagen 
had travelled the same distance as the arginine markers and the arginine 
liberated from the arginine phosphate markers. In one of the solvents, 
(n-butanol 63—formic acid 20—-water 17; Roche, Thoai & Hatt, 1954) the 
glycocyamine spots were well separated from the arginine spots. Tauro- 
cyamine was unfortunately not available, but the other two solvents used 


(n-propanol-ammonia and isopentanol 40—pyridine 80—water 70) 


stated (Roche et al, 1954; Hobson & Rees, 1955) to give good separations 
of taurocyamine from arginine. It therefore seems almost certain that 


the phosphagen in squid giant axons is arginine phosphate and not ' 


glycocyamine phosphate or taurocyamine phosphate. That it is not 
creatine phosphate or lombricine phosphate is shown by the fact that 
the distances travelled by these substances relative to orthophosphate in 
the n-propanol-ammonia solvent (1-5 for creatine phosphate; 0-7 for 
lombricine phosphate ; Caldwell, 1953; Rey, 1956) are appreciably different 
from the distance travelled by the phosphagen. 


In addition to the three main phosphate fractions, two further spots 


corresponding to phosphate fractions, which have not yet been identified, 
were sometimes shown up by the Hanes & Isherwood molybdate reagent. 
These have been called Unknowns « and 8. Unknown « was found more 
often than Unknown f and it is possible that in some cases the two fractions 
did not separate. The distances travelled by Unknowns « and f in »- 
propanol-ammonia and tert-butanol-picric acid are given in Table |. 

A spot corresponding to ADP was not normally found, although in a few 
cases there was a faint indication of one. Phosphorus analyses of tlie 
region of the chromatograms corresponding to ADP, however, usua!'y 


showed the presence of some phosphorus and this is included in Table 2 
as the ‘ADP’ fraction. 
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Amounts of phosphorus.present in the phosphate fractions of squid axoplasm 
The results of phosphorus analyses obtained for chromatograms of 


extracts of axoplasm from unpoisoned axons are given in Table 2. In 
addition to the figures for orthophosphate, ATP, arginine phosphate, 


‘Unknown «, Unknown § and the non-extractable phosphorus, the Table 


includes the figures which were obtained. for the regions of the chromato- 
grams in which certain phosphate fractions might have been present, even 
though the Hanes & Isherwood molybdate reagent had not indicated their 
presence. Very little phosphorus was found in these latter regions and it is - 


TaBLE 2. Distribution of phosphorus in squid axoplasm 


No. of Mean amuunt present 
Phosphate fraction determinations and range (ug P/g) 
Orthophosphate 16 117 (66-232) 
Arginine phosphate , 16 105 (40-161) 
ATP 16 125 (100-191) . 
Unknown « 14 26 (13-46) 
Unknown 8 ] 14 
‘ADP’ fraction 8 21 (13-34) 
Monophosphate esters 7 7 (0-17) 
Diphosphate esters 6 4 (0-9) 
Unknown B* 6 6 (0-17) 
Total phosphorus extracted by TCA _ 425 
Phosphorus not extracted by TCA 9 293 (238-335) 


Total phosphorus accounted for — 718 
* Unknown B refers to an unidentified fraction which was found in extracts of tortoise , 


muscle (Caldwell, 1953). 


doubtful in most cases whether any phosphate compounds were present. 
No conclusions could be drawn about possible changes in any compound 
in these regions or about any possible changes in Unknown f when the 
axons were poisoned. 

It will be seen from Table 2 that about 718 g/g of the hess! in the: 
axoplasm can be accounted for. Two analyses of the total phosphorus in 
the axoplasm, one for an axoplasm sample from an unpoisoned axon and 
the other for an axoplasm sample from an axon which had been soaked 
for about 95 min in sea water of pH about 8 containing 0-2 mm DNP gave 
values of 790 pgP/g and 700 wgP/g. Keynes & Lewis (1951) obtained a 
mean value of 838 y»gP/g for the phosphorus in squid axoplasm by means 
of activation analysis. It seems therefore that aay: all the phosphorus 
in the axoplasm can be accounted for. 


The effects of 2 mm cyanide on the phosphate compounds in the axons 


In these experiments axons were immersed for varying periods in sea 
water containing 2mm cyanide.. In some cases they were transferred, 
80-2 
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after 90-95 min soaking, to cyanide-free sea water. In some of the experi- 
ments the sea water circulating in the laboratory tanks (circulation sea 
water) was used, and in the other experiments an artificial sea water 
(bicarbonate sea water) with the following composition (mm): NaCl 460, 
MgC), 55; CaCl, 11; KCl 10-4; NaHCO, 2-5. The pH of the samples of 
circulation sea water used in the experiments was not measured, but 
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Fig. 1. The time course of the effects of 2mm cyanide on the amounts of arginine 
phosphate, ATP and orthophosphate in squid axons. The results obtained with 
axons which were soaked only in sea water containing cyanide are indicated. The 
three axons which were soaked for a total of 140-152 min were soaked first for 


90-95 min in sea water containing cyanide and were then transferred to cyanide- 
free sea water for a further period of soaking. 


subsequent measurements have indicated that the pH of the cyanide-free 


circulation sea water was probably about 8-0 and that the pH of the circu- 


_ lation sea water containing cyanide (which was added as NaCN) was prob- 


ably about 8-8. The pH of the bicarbonate sea water used in these experi- 


_Ments was 8-2-8-5 and the pH of the bicarbonate sea water containing 


cyanide was 7:5—8:5. 
_ The results of the experiments are given in Fig. 1. The values for the 
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amounts of the various phosphate fractions present at zero time given in 
this figure and also those given in Figs. 2 and 3 are for axons which had 
been soaked for 15-135 min in inhibitor-free sea water. It will be seen 
that ATP and arginine phosphate disappear from the axons on immersion 
in cyanide and that these compounds reappear when the cyanide is removed. 
The time course for these changes is similar to that for the changes which 
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Fig. 2. The time course of the effects of 0-2 mm DNP at pH 6-5—6-7 on the amounts 
of arginine phosphate, ATP and orthophosphate in squid axons. The results 
obtained with axons which were soaked only in DNP-containing sea water are 
indicated. The two axons which were soaked for a total of 157-166 min were 
soaked first for 91 min in sea water containing DNP and were then transferred to 
DNP.-free sea water for a further period of soaking. 


cyanide brings about in the sodium efflux from squid axons (see, for example, 


Caldwell, Hodgkin, Keynes & Shaw, 1960a). In addition to the results 


_ given in Fig. 1 values were obtained for the Unknown « and the non- 


extractable phosphorus in the axons. No significant changes were detected 
in the non-extractable phosphorus. Indications were, however, obtained 
that the amount of Unknown « decreased when the axons were treated with 
cyanide. 


i~ 
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The effects of 0-2 mm DNP on the phosphate compounds in the axons 
Sea waters of two different pH ranges were used in these experiments and 
it was found that the effects of 0-2 mm DNP on the phosphate compounds 
in the axons varied with pH. In one series of experiments the artificial 
sea water used had the same composition as that used by Hodgkin & 
Keynes (1955). The pH of this sea water, which will be referred to as acid 
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Fig. 3. The time course of the effects of 0-2 mm DNP at a pH of about 8 on the 
amounts of arginine phosphate, ATP and orthophosphate in squid axons. The 
results obtained with axons which were soaked only in DNP-containing sea water 
are indicated. The three axons which were soaked for a total of 145-150 min were 
soaked first for 95-100 min in sea water containing DNP and were then transferred 
to DNP-free sea water for a further period of soaking. 


sea water, was found to be between 6 and 7, both before and after the 
addition of DNP which was added as the sodium salt. In the second series 
of experiments either circulation sea water or bicarbonate artificial sea 
water were used, the pH of these usually being near 8. 

In Fig. 2 the effects of the immersion of axons in the acid sea water 
containing 0-2mm DNP are shown, together with the changes which 
follow the reimmersion of the axons in DNP-free acid sea water. The pH 
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of the acid sea water used in the experiments on changes in the phosphate 
compounds was 6-5-6-7, both with and without DNP. It will be seen 
from Fig. 2 that the pattern of changes for axons treated with 0-2 mm DNP 
in the acid sea water is similar to that found with axons treated with 
cyanide in circulation sea water or bicarbonate sea water. The main 
difference is that there appears to be little resynthesis of the arginine 
phosphate when the DNP-treated axons are transferred to DNP-free acid 
sea water. As in the case of cyanide-poisoned axons, the time course for 
the changes in the phosphate esters is similar to that for the changes in 


the sodium efflux which is, under these pH conditions, like that in 2 mm 


cyanide (Caldwell, Hodgkin, Keynes & Shaw, 19606). In these experiments 


no significant changes were found in the non-extractable phosphorus, but 


indications were obtained that Unknown « decreased when the axons 
were treated with 0-2 mm DNP in the acid sea water. 

In Fig. 3 the effects of the immersion of the axons in circulation sea 
water or in bicarbonate sea water containing 0-2 mm DNP are shown. The 
pH of the bicarbonate sea water used was 7-9-8-1 and that of the bi- 
carbonate sea water containing 0-2 mm DNP was 7-8-8-1. In most of the 
experiments, however, circulation sea water was used and the pH of the 


samples actually used in the experiments was not measured. The samples 


of circulation sea water containing 0-2 mm DNP were made up by a tenfold 
dilution with circwation sea water of a 2 mM solution of DNP in circulation 
sea water. The pH of a 2 mM solution of DNP in circulation sea water 
which had been used for this purpose was measured at a later stage. The 
pH of a tenfold dilution of this with circulation sea water of pH 8-0 was 
also measured. The pH values of both these solutions were found to lie 
between 7-8 and 8-1 and there seems little doubt that the pH of the 


- circulation sea water and of the circulation sea water containing DNP 


used in the experiments shown in Fig. 3 must have been close to this range 


of values. It will be seen that under these pH conditions 0-2 mm DNP has 


only a small effect on the level of ATP in the axons but that the amount 
of arginine phosphate is markedly decreased. The main effect of 0-2 mm 
DNP on the sodium efflux under. these pH conditions is to remove the 
potassium sensitivity of the sodium efflux without greatly reducing the 
level of the efflux when the usual amount of potassium is present (Caldwell 


— et ai. 19606). It seems likely therefore that the disappearance of the argi- 


nine phosphate may be linked with this decrease in potassium sensitivity. 
Some values were obtained for the amount of Unknown « in the axons 
which had been immersed in the circulation sea water containing 0-2 mM 
D!P and these indicated that the level of Unknown « is not seriously 
affc cted. | 

An experiment was also done in which an axon was soaked for 90 min 
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in acid sea water (pH 6-7) containing 0-2 mm DNP and was then soaked 
for 77 min in circulation sea water (pH 8-4) containing 0-2mm DNP. On 
analysis of the axoplasm 60 g/g phosphorus was found in the ATP 
fraction and this presumably had been resynthesized after the axon had 
been transferred from the acid sea water containing DNP to the circulation 
sea water containing DNP. On the other hand, no arginine phosphate 
was found, a result which is consistent with those in Fig. 3. 


The effect of pH on the amount of DNP taken up by squid axons 


~ The axoplasm from axons which have been immersed in acid sea ‘water 
containing 0-2mm DNP is much more markedly yellow in colour than 
that from axons which have been immersed in circulation sea water 
containing 0-2mm DNP. Some colorimetric determinations were carried 
- out of the DNP content of axoplasm samples from axons which had been 
immersed in one or other of these DNP-containing sea waters for 80- 
107 min. In five determinations carried out on axoplasm from axons 
which had been soaked in DNP-containing sea waters of pH 6-5—6-8 (four 
determinations for axons in acid sea water, one for an axon in circulation 
sea water acidified with HCl) a mean DNP content of 0-29 m-mole DNP/kg 
(range 0-25—0-35 m-mole/kg) was found. In four determinations on axo- 
_ plasm from axons which had been soaked in DNP-containing circulation 
sea water of pH 8-0-8-2a mean DNP content ofonly 0-04 m-mole DNP/kg 
(range 0-03—0-07 m-mole/kg) was found. These results suggest therefore that 
the differences between the effects of 0-2mm DNP on the phosphate 
compounds shown in Fig. 2 and those shown in Fig. 3 may be due to an 
effect of pH on the ease with which DNP penetrated into the axons. Much 
more DNP must have penetrated into the axons in the experiments shown 
in Fig. 2 than in the experiments shown in Fig. 3 and this resulted in more 
marked effects on the levels of the phosphate compounds. 

As was pointed out by Krahl & Clowes (1938), the most hidaiaable 
explanation of the effects of pH on the penetration of DNP is that the 
axon membrane is impermeable to the negatively-charged dissociated form 
of DNP but is permeable to the undissociated form. The amount of the 
latter will, under the experimental conditions used, decrease with in- 
creasing pH and hence less DNP should penetrate into the axons as the 
external pH increases. It can easily be shown from a consideration of the 


dissociation constant of DNP that in the pH range used in the present — 


experiments, log,, (DNP concentration in the axon)/(DNP concentration 
in the sea water) should be approximately equal to (pH in the axon — pH 
in the sea water) when the DNP has become equilibrated between the 
axon and the sea water. The amounts of DNP taken up under the different 
pH conditions indicate a range of 6-6-7-6 for the pH inside the axons an‘ 
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this is consistent with the range of 6-7-7-35 obtained from glass electrode 
measurements (Caldwell, 1958c). 


The effects of 3 mm azide and 10-5 m ouabain on 

2 the phosphate compounds in the axons 
_ The effects of 3 mm azide on the sodium efflux from squid giant axons do 

not appear to have been investigated, but Hodgkin & Keynes (1955) found 
that the **Na efflux from Sepia giant axons immersed in artificial sea water 
containing this concentration of azide was markedly lowered. The following 
figures (ugP/g axoplasm) were obtained for the phosphate compounds in 
two axons which had been immersed for 150 min in circulation water 
containing 3 mM sodium azide: ATP, 69 and 0; arginine phosphate, 20 
and 0; orthophosphate, 327 and 293. A third axon was immersed for 
150 min in circulation water containing 3 mm sodium azide and was then 
immersed for 55 min in azide-free circulation water. The figures (ugP/g) 
obtained for the phosphate compounds were : ATP, 58; arginine phosphate, 
64; orthophosphate, 142. These results indicate that 3 mm azide brings 
about a break-down of the arginine phosphate and to a less extent of the 
ATP. They also indicate that some resynthesis takes place when the azide 
is removed. It seems likely that, as in the cases of cyanide and DNP, 
there is some relationship between the effect of azide on the levels of the 
‘high energy’ phosphate compounds and its action on the sodium efflux. 

Two axons were exposed to 10-5 ouabain. One was immersed for 125 min 

in bicarbonate sea water containing 10-5m ouabain and the other was im- 
- mersed for 158 min in circulation sea water containing 10-* ouabain. The 
following figures (ugP/g) were obtained for the phosphate compounds: 
ATP, 134 and 114; arginine phosphate, 130 and 53; orthophosphate, 78 
and 88. Although the sodium efflux of these two axons must have been 
greatly reduced by the ouabain (Caldwell & Keynes, 1959), there does not 
appear to have been any significant reduction in the levels of ATP and 
arginine phosphate and in this respect the action of ouabain on the axons 
differs from the effects of cyanide, DNP and azide. An attempt: was also 
made with a pair of axons to see whether 10-'m ouabain modifies the rate 
at which the ‘high-energy’ phosphate compounds break down in axons 
immersed in sea water containing 2mm cyanide. The results of this 
experiment indicated however that ouabain does not have any marked 
effect on the rate of break-down. | 


DISCUSSION 
The work described in this paper indicates that in the case of squid 
axons poisoned with cyanide or DNP (at pH 6-5-6-7) there is a correlation 
between the presence in the axons of the ‘high-energy’ phosphate 
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compounds, ATP and arginine phosphate, and the ability of the axons to 
extrude sodium. Results which suggest that a similar correlation exists 


between the ATP content of red cells and their ability to bring about the . 


active transport of potassium and sodium have been obtained by a number 
of workers (e.g. Prankerd, 1956; Fleckenstein, Gerlach & Janke, 1956; 
Whittam, 1958). The decrease of creatine phosphate and ATP produced 
by stimulating mammalian C fibres at 50/sec for 15sec (Greengard & 
Straub, 1959) is also consistent with these compounds being involved in 
the extrusion of sodium. In the case of squid axons the correlation has 
been confirmed and extended in subsequent work (Caldwell e¢ al. 1960a) 
in which the sodium efflux, and in some cases the potassium influx, of 
poisoned axons have been restored by injections of the ‘high-energy’ 
phosphate compounds ATP, ADP, arginine phosphate and phosphoenol- 
pyruvate. There seems to be little doubt therefore that the active transport 
of sodium from the axons is very closely linked with the metabolism of the 
‘high-energy’ phosphates and it is possible that one or more of these 
may participate in the transport mechanism. 

In contrast to cyanide, DNP and azide, which appear to act on sodium 
transport by interfering with the formation of ‘high-energy’ phosphate 
bonds, ouabain appears to act more directly on the actual transport 
mechanism. Thus 10-°m ouabain drastically reduced the sodium efflux 
from the axons in a matter of minutes (Caldwell & Keynes, 1959) whereas 
no significant changes in the ATP and arginine phosphate contents have 
_ been found after 125-158 min treatment with 10-5m ouabain. This result 

is analagous to that ohtained oo (1958) in work on the effects of 
digoxin and ouabain on the potagsium accumulation and phosphate 
metabolism of red cells. That ouabain acts more directly on the sodium 
transport mechanism than cyanide and DNP is shown by the fact that it 
inhibits the increased sodium efflux which is normally observed when 
ATP is injected into axons poisoned with cyanide (Caldwell & Keynes, 
1959). It is also of interest that ouabain appears to act only on a part of 
the transport mechanism taking place on the outside of the axons (Caldwell 
_ & Keynes, 1959), since this is in contrast to the effects of DNP which seem 
to depend on the amount of DNP penetrating into the axons. 

Finally, the question of the break-down products formed by ATP when 
the axons are poisoned must be mentioned. On the two-dimensional 
chromatograms obtained with extracts from axons poisoned with cyanide 
or. DNP at pH 6-7 there was no indication of the formation of ADP and 
no conclusive evidence was obtained for the formation of AMP from 
analyses of the area of the chromatograms in which AMP should have 
occurred. However, in more recent work with extracts from axons poisone( 
with cyanide (Caldwell, Hodgkin, Keynes & Shaw, unpublished) a spo‘ 


we 


d trave 
4 the 
1. 
The 
phos 
a deb 
2. 
‘ ther 
in t 
4 3. 
0-2 | 
pho: 
18 80 
| argi 
4. 
0-2 
| in t 
pho 
5 
mu 
see 
at 
6 
cya 
inh 
and 
sod 
7 
| no 
eve 
the 
cys 
CaL 
g 
Ca 
0 


-PHOSPHORUS METABOLISM OF SQUID AXONS 559 


which is positive to the Gerlach & Doéring (1955) adenine test and which 
travels the same distance as an AMP marker has been found on chromato- 
grams which were run successively in one dimension in n-propanol- 
ammonia and tert-butanol-TCA. It seems likely therefore that some of 
the ATP in poisoned axons breaks down to AMP. 


SUMMARY 


1. The phosphorus compounds in squid giant axons have been studied. 
The four main phosphorus fractions are ATP, arginine phosphate, ortho- 
phosphate and the phosphorus which is not extracted from the axon 
debris by 5% trichloroacetic acid. 

2. When squid axons are immersed in sea water containing 2 mm cyanide 
there is a considerable fall in the amounts of ATP and arginine phosphate 
in the axoplasm. When the cyanide is washed away again there is some 
resynthesis of the ATP and arginine phosphate. 

3. When the axons are immersed in sea water of pH 6-5-6-7 shuihatitcg 
0-2 mm DNP there is a considerable fall in the amounts of ATP and arginine 
phosphate in the axoplasm. When the DNP is washed away again there 
is some resynthesis of ATP but there does not appear to be resynthesis of 
arginine phosphate. 

4. When the axons are immersed in sea water of pH about 8 containing 
0:2 mm DNP there is a marked decline in the amount of arginine phosphate 
in the axoplasm but only a slight fall in the amount of ATP. The arginine 
phosphate is restored to its original level when the DNP is washed away. 

5. Measurements of the DNP taken up by the axons have shown that 
much more DNP is taken up at pH 6-5-6-8 than at pH 8-0-8-2 and it 
_ seems that this may be the reason for the different effects of 0-2 mm DNP 
at the two pH values. 

6. The changes in ATP and arginine phosphate brought about by 
cyanide and DNP appear to run parallel with the changes which these 
inhibitors bring about in the sodium efflux, and this suggests that ATP 
and arginine phosphate may play some part in the active — of 
sodium. 

7. Ouabain (10-5 in sea water) in contrast to cyanide and DNP has 
no significant effect on the ATP and arginine phosphate in the axons, 
even though at this concentration it brings about a marked inhibition of 
the sodium efflux. Azide (3 mm in sea water) acts in the same way as 


cyanide and DNP. 
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In the previous paper (Caldwell, 1960) it was shown that the phosphagen 
and adenosine triphosphate (ATP) of squid giant axons break down in 
the presence of fairly high concentrations of inhibitors such as cyanide, 
dinitrophenol or azide and that some recovery occurs when the inhibitors 
are removed. Since these agents also reduce the outflow of sodium ions 
from giant axons to a low value (Hodgkin & Keynes, 1955) it is natural to 
suppose that ATP or some other energy-rich phosphate compound may 
provide the energy for running the ionic transport system. This would fit 
‘with the generally accepted view as to the function of ATP in linking 
biochemical and physiological events in cells (Lipmann, 1941). The aim 
of the experiments described here was to test the assumption by seeing 
whether injected ATP or arginine phosphate could restore normal ion 
transport. to a fibre poisoned with cyanide or dinitrophenol. The results 
show that both arginine phosphate and ATP have a restorative action, but 
_ that the former is a more effective substitute for normal metabolic activity. 
One of the properties of the ionic transport system is that the outflow of 
sodium ions from a normal fibre is reduced to about one quarter by 
_Temoving potassium ions from the external medium (Hodgkin & Keynes, 
1955). This may happen because metabolism drives a cycle in which an — 
uptake of K+ is coupled to an extrusion of Na+. Whatever the mechanism, 
it was plainly important to determine whether the sodium efflux which 
resulted from the injection of a phosphate ester had the same potassium 
sensitivity as the normal efflux. It turns out that high concentrations 
of certain compounds, arginine phosphate and phosphoenolpyruvate, 
restore K sensitivity, but that others, ATP and ADP, give an outflow of 
Sodium which is not reduced by removing K. | 7 

The experiments described here were carried out during the last four 
‘Months of the years 1956-59. Preliminary accounts by the authors 
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concerned with different phases of the work were given at various meetings 
and symposia (Caldwell & Keynes, 1957; Caldwell, 1958; Keynes, 1958; 
Caldwell, Hodgkin & Shaw, 1959). 


METHODS 


Material. Giant axons from Loligo forbesi with diameters varying between 600 and 1000 
were isolated and cleaned by the usual methods. Axons of over 700 » are found in the large 
specimens of L. forbesi which are plentiful at Plymouth during the last 3 months of the year. 
These large squid are often damaged in the trawl] or while being transported to the laboratory. 
A further hazard is rough weather which sometimes makes it difficult to bring any live squid 
to the laboratory. About half the work was done with live squid from the aquarium; these 
were normally used on the day that they were caught. The remaining experiments were 


Cannul Collecting chamber formed 


by two sliding blocks 


Injected 
region 


be 


Weight tied to axon 


< 11 ¢m - 


Fig. 1. Collecting cell for measuring the efflux of radioactive ions from squid 
axons. During the impalement of the axons with a micro-electrode or micro- 
syringe, the sliding blocks were pulled apart in order to allow more room for 
manoeuvre. They could be pushed together again with the microsyringe in position 
inside the axon, their sides being well greased with petroleum jelly so that they 
formed a watertight rectangular compartment whose volume (above the lower 
gate) was about 4 ml. Chlorided silver wires (not shown in the diagram) were used to 
apply shocks between the two compartments, thus stimulating the axon at the 
point where it passed through the gate. The drawing is roughly to scale, the | 
over-all length of the cell being 11 cm, its height 7 cm, and its width 4 cm. 


carried out with axons from refrigerated mantles. When the trawl was brought up, live 
squid were decapitated, and after removing the viscera the mantles were placed in large 
Thermos flasks filled with ice-cold sea water. Axons were dissected a few hours later, « 
bright light being used to illuminate the opaque mantle; they seemed to be in good condition 
since they gave spikes of 105-110 mV for many hours. 

Procedure for injections and for measuring effluxes. The fibre was cannulated and mounted 
in the cell shown in Fig. 1. A long electrode consisting of a 100, capillary filled with iso- 
tonic KCl was inserted for a distance of 3-4.em. At this stage the sliding blocks of Perspex 
were separated so as to allow the axon to be viewed from the front and side, a mirror being 
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| employed in the usual way. The action potential was measured and the impalement was 
regarded as satisfactory if the spike amplitude was greater than 105 mV over a length of 
2om; it was also desirable that the micro-electrode should lie fairly near the axis of the 
fibre, The micro-electrode was removed and a microsyringe of the type described by Hodgkin 
& Keynes (1956) was lowered into the fibre to a distance of about 35 mm from the tip of the 
cannula, The microsyringe had previously been filled with a solution containing **Na and 

. this was injected uniformly over a distance of 10 or 12 mm. The microsyringe was then 
withdrawn, washed thoroughly with distilled water and reloaded with phosphate ester. 
The tip of the syringe was lowered to the end of the region injected with ?*Na, or, in the 
later experiments, to a point 3 mm beyond this region. Diffusion of phosphate ester from 
the tip of the syringe was prevented by a small air bubble in the tip. The movable blocks 
which had previously been greased with petroleum jelly were then pressed together so that 
the axon was enclosed in a volume of 4 ml. Samples were collected by sucking the cell dry 
with a syringe; this removed about 97% of the fluid. If the composition of the solution 
had to be changed the cell was washed with the new solution before taking a sample; as a 
control the same procedure was often used when there was no change in composition. After 
collecting **Na from the normal fibre, cyanide or DNP was applied. After 90 min the Na 
efflux had always fallen to a low value and the time had come to observe the effect of the 
injection. Since the microsyringe was already in position, all that had to be done was to 
inject the column of phosphate ester and to continue collecting samples in the same way as 
before. The exact procedure varied slightly during the course of the work. In 1956 and 1957 
the columns of **Na and phosphate ester were both 12 mm in length. Since about 2-5 hr 
elapsed between the two injections, the patch of **Na must have spread longitudinally 
by diffusion and some of the labelled ions would not have been reached by the phosphate 
ester; calculations in which a diffusion coefficient of 10-5 cm?/sec was used indicated that, 
after 2-5 hr, 28 % of the total **Na (p. 569) would have been outside the column of phosphate 
ester. In 1958 the column of **Na was reduced to 10 mm and the column of phosphate 
ester increased to 16 mm, giving an overlap of 3 mm at either end. Under these conditions 
12%, should have diffused beyond the column of phosphate ester in 2-5 hr. The corresponding 
figure for the 1959 experiments, in which the column of **Na was 12 mm and of ~ P was 

18mm, is 10% in 2-5 hr. 

The action potential was checked from time to time and the experiment was discontinued 
if there was any sign of block or decrement in the injected region. This was important | 
because control injections of salt solutions which have no effect on excitable axons may give : 
an apparent rise in efflux in derelict axons. (These spurious effects may sometimes be due _ 

_ to fluid being squeezed out of the ends of branches.) 

At the end of the experiment the fibre was removed and the total quantity of *Na was 
measured. In many experiments the concentrations of Na and K in extruded ae pact 
were also determined by flame photometry. 

External solutions. The artificial sea water normally used was the bicarbonate sea water 
described in the previous paper (Caldwell, 1960, p. 552); its pH was about 8. In some 
experiments with 0-2 mm DNP a phosphate sea water of a lower pH (ca. 6- 7) was made up 
With the composition given by Hodgkin & Keynes (1955). 

5 Phosphate compounds used for injection. The solutions used for injection were adjusted 
“to a oH of about 7 with KOH or HCl and were stored at — 20°C. At the end of each group 
of experiments the solutions were tested chr tog ph ically for impurities, the amounts 
of phosphorus presentas the principal component and as the main impurities being determined 
by the method described previously (Caldwell, 1960). Table 1 gives information about the 
source and purity of the various solutions used; the figures for the impurities refer to the 
finai composition of the solutions and not to the products supplied by the manufacturers. 

Redioactive isotopes. **Na was obtained from the Radiochemical Centre, Amersham, as 

&n aqueous solution of *NaCl. After concentration by evaporation, the pH was adjusted 
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to 7, and any precipitate was removed. The amount of inactive Na in the sample varied 


from year to year; the calculated increase in the internal sodium concentration produced 


by the injection was usually between 5 and 30 mM. 

Artificial sea water containing *“Na or “*K was made by treating **Na,CO,;, “K,CO, or 
4K HCO,, supplied by AERE Harwell, with a slight excess of HCl, heating to dryness and 
adding a solution containing the other constituents of artificial sea water. 

Except in the 1959 experiments, in which y rays from **Na were detected with a Labgear 
scintillation counter, the methods of counting liquid samples or the axon were essentially 
similar to those used by Hodgkin & Keynes (1955). 


TABLE 1 
Year K or Na Main impurities (as a % of the P 
Substance used Source salt in the principal constituent) 
Arginine 1956.4 J K 2-8 %, as orthophosphate (P,) 
phosphate 1956B* K 0-6 % as 
1957* P K Nil 
1958* 4 K Nil 
ATP 1956AT P Sa 28% as ADP, < 2% as P; 
1956Bt sd K < 18% as ADP, < 9% as P, 
1957AT a K 18% as ADP, 9% as P, 
1957B S K 12% as ADP, 4% as P, 
1958 S K 33 % as ADP, 23 % as P, 
1959 S Na, K % as ADP 
ADP _ -1967T S K 10% as ATP, 15% as P, 
1958f S 33% as ATP, 15% as 
1959 S Na, K < 5% as ATP 
Phosphoenol- 1958 S Na No P, visible on chromatogram 
pyruvate 1959 S Na 6% as P, 
Creatine (1958 S Na, K No P, visible on chromatogram 
phosphate 
GTP 1959 S Na, K 4% as P,, some GDP? 
ITP 1959 Ss Na, K 6% as P,, some IDP? 


Notes: * Made by a method based on that of Ennor, Morrison & Rosenberg (1956). 
Tt Made from the Ba salt obtained as a by-product in the arginine phosphate préparation. 
This was dissolved in dil. HNO,, the ATP precipitated as the Hg salt, brought into solution 
again with H,S and reprecipitated as the oxine salt with acetone. The oxine salt was 
redissolved, the pH adjusted to 7 with KOH and after removal of the oxine with chloroform 
the ATP was precipitated as the K salt with acetone. { Prepared from Ba salt supplied 
by Sigma Chemical Company. J, Jasus muscle, gift from Professor Ennor;.P, Palinurus 
muscle; S, Sigma Chemical Co.; GTP, guanosine triphosphate; ITP, inosine triphosphate. 


RESULTS | 
The effect of injections on Na efflux in poisoned fibres 
Active and inactive substances. If a giant axon is immersed for 14-2 hr 
in 2mM-CN (pH 8) the arginine phosphate and ATP disappear from the 


axoplasm and the Na efflux is reduced to }—} of its normal value. Under 
these conditions the Na efflux can be increased for a period of 30 min, or 


longer, by injecting arginine phosphate or ATP; similar solutions which had | 
been hydrolysed by boiling to adenosine monophosphate (AMP) and ~ 


inorganic phosphate, or to arginine and inorganic phosphate, were without 
effect when injected into poisoned fibres (Figs. 2 and 9). Control injections 
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Fig. 2. 780 axon loaded with *Na over 12mm. At second arrow, 16-4 nmole © 


ATP was injected over the same 12 mm, giving a mean internal concentration of 
2:9mmM (5-8 mm ~ P). At the first arrow an equal volume of the same ATP 
solution which had been hydrolysed by boiling was injected. At the end of the 
experiment the action potential was 99 mV, and the resting potential 56 mV. 
Fibre reference, 19D6 (19 December 1956). I nmole = 10-*° mole. 
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Arginine phosphate Broken-down arginine 
injected phosphate injected 
Fig. 3. 8004 axon loaded with **Na over 12 mm. At first arrow 32:4 nmole 
arginine phosphate was injected over same 12 mm, making mean internal concen- 
tration 5-4 mm. At second arrow an equal volume of the same solution, hydrolysed 
by heating, was injected. Temperature 20°C. At end of experiment resting 
potential was 58 mV, action potential 99 mV. Fibre reference, 406. 
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of KCl, K,SO,, K isethionate or MgCl, also gave negative results. Arginine 
phosphate and ATP had the same restorative effect on fibres poisoned 
- with 0-2 mm dinitrophenol (DNP) (pH 6-7) as on those poisoned with 
2mM-CN. 

In all, seven compounds containing energy-rich phosphate bonds have 
been tested, namely, arginine phosphate, ATP, ADP, phosphoenolpyruvate, 
GTP, ITP and creatine phosphate. The first five gave substantial increases 
in Na efflux but ITP caused only a slight rise and creatine phosphate was 
without effect (Fig. 4). The difference between creatine phosphate and 
arginine phosphate is to be expected if the effects of the latter depend on 
catalysis by arginine phosphokinase (Ennor & Morrison, oe) or by an 
enzyme of similar specificity. 


2 mM-CN 


Fraction of 74Na lost per minute 


5 6 7 8 
Creatine phosphate Arginine phosphate —_— Hours 
injected injected 


= 


Fig. 4. The effect on the Na efflux from a CN-poisoned axon of injecting first 
creatine phosphate, and secondly arginine phosphate, The length injected with 
**Na was 10 mm, and with phosphate ester 16 mm. The mean concentrations in the 
axon immediately after the injections were 15:3mm creatine phosphate and 
15-8 mM arginine phosphate. Axon 10D8, diameter 766. Temperature 19° C. 
At the end of the experiment the action potential was 90 mV. 


External applications of ATP and arginine phosphate. Figure 5 shows 
that ATP had no effect on the sodium efflux of a poisoned fibre when 
applied externally at a concentration of 3-8 mm. Arginine phosphate at 
a concentration of 12 mm was also ineffective when applied externally. 

The effect of increasing concentrations of ATP and arginine phospha':. 
_ The action of injected phosphate esters is transient, as one would expe:t 
if they are used up in driving ions against concentration differences, 0 
destroyed in side-reactions. With quantities of arginine phosphate  r 
ATP equivalent to about half the total energy-rich phosphorus in :n 
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unpoisoned fibre the period of enhanced Na efflux lasted for about 30 min. 
With ten times the quantity, the Na efflux remained at a - level for 
several hours (e.g. Fig. 10). 


In 2mM-CN 

0-002 1 
2 
4 bie 
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z ATP 
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Fig. 5. The effect on the Na efflux from a CN-treated axon of applying ATP 
externally. This experiment was done with the collecting cell modified so that 
the external volume was 0-5 ml. During two collecting periods the CN sea water 
contained 3-8 mm ATP (7-6 mm ~ P). Axon 15N7, diameter 845 u. Temperature 
18° C. Final resting potential was 52 mV,-action potential 103 mV. 


Figure 6 illustrates the effect of injecting first a small and secondly a 
larger quantity of arginine phosphate into the same fibre. In the first case 
the quantity of arginine phosphate injected was sufficient to give a 
concentration in the axoplasm of 4-4 mM (as compared with 1-5-5 mM in | 
unpoisoned fibres); in the second, the concentration was 3-5 times larger. 
The experiment shows that the extra Na efflux resulting from the second 
injection reached a higher peak and lasted longer than that from the first. 
A similar experiment with two different concentrations of ATP is given in 


Fig. 7. In both cases (Figs. 6 and 7) the percentages of labelled Na which 


emerged as a result of the injection were roughly proportional to the 
quantity of energy-rich phosphate injected (‘Table 2). 

One way of expressing the quantitative effect of injecting a substance 
is to give the ratio of the number of internal sodium ions ejected to the 
number of energy-rich phosphate bonds injected. In order to calculate 
such an Na: ~ P ratio it is necessary to estimate the internal sodium 
concentration at the time of the injection. Column 7 in Table 2 gives a 
series of such estimates. The values marked with an asterisk were obtained 
by interpolating between an initial sodium concentration taken as about 
55 mM and the final sodium concentration measured by flame photometry 
on extruded axoplasm at the end of the experiment. The exact value 
taken for the initial sodium concentration depended on the time from 


decapitation and was based on analyses of unpoisoned axons made at 
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various times after death. The average of the values marked with an 
asterisk is 101 mm and an internal sodium concentration of 100 mm has 
been assumed in other cases. As a check, three pairs of axons were dis- 
sected and one axon of each pair was used for an injection experiment 
(3108, 12N8 and 17N8 in Table 2); both were put into cyanide at the same 
time and the control was removed for analysis soon after its companion had 
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Fig. 6. The effect on Na efflux of injecting two different quantities of arginine 

phosphate. The axon was loaded with 2*Na over a distance of 12 mm, and at the 

first arrow sufficient arginine phosphate to give an internal concentration of 

4-4 mM was injected over the same 12mm. At the second arrow a larger amount 

of arginine phosphate was injected, giving a concentration of 15-4 mm. Axon 506, 

diameter 668 1, temperature 17-5° €. At end of experiment resting potential was 
59 mV, action potential 98 mV. 


seen injected. These axons had sodium concentrations of 94, 84 and 71 mm; 

to this should be added the quantity of Na injected with the Na. ln 
these experiments the Na injected was of the order of 25 mm so that the 
estimate of 100 mm would seem to be roughly right. 

From the estimates of (Na);, the fibre diameter and the percentage of 
internal sodium leaving the fibre as a result of the injection, it is simple 
to calculate the quantity of Na ejected and hence to obtain Na: ~ P. 
The values which are given in Column 9 of Table 2 are probably too small, 
because some **Na would have diffused beyond the column ~ P. The 
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fraction (F') of the **Na which should have been outside the ~ P column 
ean be calculated by the methods of Carslaw & Jaeger (1947) as 


2h+ 
F = ierfe 1/2,/Dt —ierfe 5 (1) 
Where D is the diffusion coefficient of Na in axoplasm, taken, by analogy 
In 2mmM-CN 
| 
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Z 0-001 
g 
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Fig. 7. Injection of two different amounts of ATP into the same axon. Axon . 
loaded with **Na over 12 mm. Injection 1 was 5-9 nmole ATP over same 12mm, 
making mean internal (ATP) 1-2 mm. Injection 2 was 31 nmole ATP, making 
mean internal (ATP) 6-2mm. Axon 18D6, diameter 725. Temperature 19-5° C. 
At end of experiment resting potential was 47 mV, action potential 71 mV. 


with K which has nearly the same mobility in axoplasm as in aqueous 
solution (Hodgkin & Keynes, 1953), as 10-5 cm?/sec; 

2h is the total length of the column of ?*Na; 

2h + 21 is the total length of the column of ~ P; 

t is the time between the two injections; and 


ierfe has its usual meaning (for definition and tables see Carslaw & 
Jaeger (1947), pp. 371-373). With the range of values involved, the second 
term in eqn. (1) is very small and can be neglected. 

The corrected results, which are listed in Column 10 of Table 2, give 


mean values of mean) of Na: ~ P of 0-:73+0-06 for ATP, 0-40+ 


0-05 for ADP and 0-64 + 0-06 for arginine phosphate. These values corre- 
spond to 1-46 Na per molecule of ATP, 0-40 Na per molecule of ane and 
0-64 Na per molecule of arginine phosphate. 
The Na: ~ P ratios obtained for the. other compounds were 0-7 and 
0:8 for phosphoenolpyruvate, 0-27 and 0-47 for GTP and 0-03 for ITP. 
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There was no detectable ATP in the sample of ITP, but it is difficult to be 
| sure that the slight effect obtained with ITP was not due to the presence 
i of some other nucleotide. 


TABLE 2. Relation between quantity ~ P injected and quantity Na extruded 


2 3 aoe | 5 6 T 8 9 10 ll 
Quantit Quantity 
Initial ~P Esti- Na Na: ~ P 
Temper- Axon concen- injected Na mated _ ejected 
ature diameter tration (nmole/ eme  (nmole/ Un- 
(°C) (u) (mma~P)~ em) (%) (mm) em) corrected Corrected Note 
ATP 
20 725 2-4 9-8 1-1 100 4-6 0-47 0-63 
20 725 124 51 4-8 100 19-8 0:39 0-58 
19 890 2-8 17 15 103* 9-6 0-56 0-79 
19 780 5-8 27 2-7 100 12-9 0-47 0-66 
18 911 74 49 4-2 98* 0-55 0-78 
19 867 8-2 49 5-9 98* 34 0-70 1-02 1 
18 890 8-2 51 5-6 92* 32 0-62 0-83 2 
18 850 9-0 51 4-2 100* 24 0-47 0-66 3 
18 842 9-2 51 4-1 119* 27 0-53 0-75 4 
19 776 9-5 45 6-1 100 29 0-65 0-74 
17 9-6 51 6-5 124* 44 0-85 1-30 5 
18 581 12-6 33-6 4:3 100 11-4 0-34 0-46 
17 805 143 73 9-3 100 44 0-61 0-73 
19 578 19-6 51 4-9 102* 13-1 0-26 0-34 
9-4 0-73 
+ 0-06 
ADP 
11N9 17 806 115 0:6 100 3-0 0-30 
2207 17 826 16-8 90 4-7 89* 22-4 0 0-34 
TNT 18 796 18-0 90 61 85* 25-8 0-29 0-42 
16D8 17 606 1 67 > 9-6 100 > 28 ca. ca. 0-55 
Mean + S.E 15 0-40 
+ 0-05 
Arginine phosphate 
506 18 668 4-4 15-3 1-1 100 38 0-25 0-33 
506 18 668. 14-7 5145 4-6 100 125 0-24 0-35 
406 20 800 5-4 27-0 15 100 75 0-28 0-37 
708 20 898 7-4 47 4-3 100 27 0-57 0-70 
21N8 16° 844 8-5 47 2-0 100 11:3 0-24 0-28 
268 6 706 9-1 35:5 2-9 100 113 0-32 0-45 
208 6 21 10:3 355 .. 34 100 11-7 0-33 0-43 
17N8 17 725 115 - 47 9-5 100 39 0-82 1-0 
13 D7 18 12-1 45 10-6 100 39-6 0-88 ‘1-23 2 
248 6 22 578 13-5 35-5 5-0 100 13-1 0-37 0-51 
10D8 19 66 15-8 71 9-5 100 44 0-61 0-80 
3108 17 810 18 90 9-8 100 50 0-56 0-83 6 
2808 19 840 22 122 12- 100—is:s«éC'B ' 0-56 0-63 
; 2708 19 814 23-5 122 13-7 100 72 0-59 © 0-67 
; 5N8 17 24 133 16-8 100 92 0-69 0-75 6 
2108 17 761 27 122 12-7 100 58 0-47 0-57 
k 2308 18 686 33 122 17-4 100 64 0-52 0-60 
12N8 16 800 37 188 31:8 100 160 0-85 1-02 
Mean + 8.E 17 064 
+ 0-06 


Columns 6 and 8 give the quantities of Na emerging as a result of the injection; the residual efflux in cyanide has beer 
subtracted. Na: ~ P ratios in column 10 have been corrected for diffusion of **Na beyond the phosphate column by 
using a diffusion coefficient of 10-* cm?.sec. Concentrations (mm) are in m-mole/l, axoplasm. Since ATP contains 2~! 
per molecule the concentration in ma ~ P is twice the concentration in mm; for ADP and arginine phosphate, whicl 


7 contain 1 ~ P per molecule, the two units are identical. Unless otherwise stated, 2mm-CN and 10 mm-K were used 
I nmole=10~* mole. 


| Notes: * Estimated from analysis of axoplasm at the end of the experiment; in other cases a value of 100 ma has bee 
7 assumed. 1. Preceded by injection of 0-3 m-MgCl,. 2. 0-2ma DNP at pH 6-8, 10 mm-K. 3. Preceded by injection 0 
0-5 M-MgCl,. 4. 0-2 mm DNP at pH 6-8, K-free. 5. 2 mmM-CN, K-free. 6. 2 ma-CN, 20 mu-K. 


“ 
4 
TE 
is 
Cl 
‘ 
| 
4 
‘ 


an CODD 


INJECTION OF ‘ENERGY-RICH’ PHOSPHATE 


Since the estimates of Na: ~ P are based on measurements of sodium 
effiux, rather than on net movements of sodium, they cannot be used to 
calculate the efficiency with which phosphate bond energy is transformed 
into secretory work. For example, if ATP increases Na influx as well as 
Na efflux, a calculation of efficiency based on efflux measurements would 
be erroneously large. An error in the opposite direction would occur if 
ATP and arginine phosphate are broken down in side reactions which 


- have nothing to do with ion transport. In spite of these complications it 


is still interesting to see whether the observed Na: ~ P ratio can be 
checked by other methods. One method is to assume that cyanide blocks 
production of ATP rather promptly and that the lag in the fall of Na 
efiux depends on the energy-rich phosphate bonds stored in arginine 


‘phosphate and ATP. The fraction of internal sodium which leaves the 


fibre under the influence of the natural store of ~ P can be worked out 
from the area under the curve for the decline in the Na rate constant 
after applying cyanide; in measuring the area the basal efflux should, as 
usual, be subtracted from the efflux at any moment. The conclusion from 
analysing 29 experiments in Table 2 is that 5-6+0-3% (mean and 8.z.) 
of the labelled sodium moved out of the fibre during the initial period in 
eyanide. With an internal sodium concentration of 60-80 mm this is 
equivalent to a decrease in sodium concentration of 3-4-4-5mm. From 
Caldwell (1960), the concentration of arginine phosphate is about 3-3 mm 
and of ATP about 1-3 mm (2-6 mm ~ P) so that Na: ~ P = 0-6—0:°8. 
A similar figure is obtained by taking the approximate figure of 4Na per 
Q,, calculated (Hodgkin & Keynes, 1954) for Sepia axons and frog muscle; 
with a ~ P:O, ratio of 3 this gives Na: ~ P = 2:3. Since the three 
estimates all give roughly the same Na: ~ P ratio the tentative conclusion 
is that injected phosphate compounds may be used in the same way as 
those supplied by the normal metabolic cycle. 

The Na: ~ P ratios described here are smaller than those calculated 
from the oxygen consumption and sodium transport of short-circuited 
frog skin (Zerahn 1956; Leaf & Renshaw, 1957). However, in the frog 
skin experiments, which gave Na: ~ P ratios of 3 if the basal oxygen 
consumption was subtracted, sodium ions were probably being trans- 
ported against a lower electrochemical potential difference than that in 
herve or muscle. 


The extent to which the Na efflux is restored by injections 


Arginine phosphate. The relation between the initial concentration of 
arvinine phosphatein the axoplasm and the absolute magnitude of the sodium 
effiux is illustrated by Fig. 8, curve A. In order to reduce scatter, the obser- 
va‘ions have been collected in groups according to the concentration 
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of ~ P. The efflux reached a saturating value of about 50 pmole/cm?.sec 
at concentrations of 7-15 mm ~ P, and then remained constant. The 
values plotted were not corrected for longitudinal diffusion of **Na, 


| 4 A, 10 
@ B, K-free 
é 
499% 
j 
10 20 . 30 40 


Concentration of arginine phosphate (mM ~ P) 


Fig. 8. Relation between initial concentration of injected arginine phosphate and 
peak Na efflux, O, from observations in 10mm-K; @, from observations in 
K-free solution. The results of individual experiments in 10 mm-K have been 
collected in the following groups: < 5, 5-10, 10-20, 20-40 mm ~ P. © are the 
average of each group, the numbers in each group are shown against the points and 
+2 x of mean by the vertical lines. Values in K -free solutions (@) are individual 
results normalized by multiplying the ordinate of curve A by the figure for K 
sensitivity (Column 5 in Table 5). ; 


50 
40 
a. 
= 20K 1 
: 
013 
= 


0 10 20 30 40 
| Concentration of ATP (mmM~ P) 
Fig. 9. Relation between initial concentration of ATP (mm ~ P) and peak 
sodium efflux. ©, from observations in 10 mm-K, averages after grouping as in 


Fig. 8; @, from observations in K-free solution, obtained in the same Way as in 
Fig. 8. | 


the reason being that since the efflux reaches saturation, longitudinal 
diffusion of arginine phosphate, which was neglected in deriving eqn. (1), 
would reduce the correction factor to an indeterminate extent. In con- 
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.c | gidering the extent of restoration we wished to avoid any procedure which 
1e might exaggerate the effect of the injection. Further evidence of saturation 
mo was provided by the observation that with large doses of arginine phos- 


phate the efflux often remained approximately constant for 1-3 hr and 
then declined relatively quickly (Fig. 10). | 


In order to decide whether arginine phosphate is fully restoring the 
sodium efflux, the best criterion is the rate constant for the loss of internal 


TaBLE 3. Rate constants and peak sodium fluxes after injection, 
arginine phosphate and phosphoenolpyruvate 


ea 2 3 4 5 6 7 8 Se 11 12 


Peak Na 
Rate constant (min-*/1000) Extent of efflux 
Ini r restoration after Calcu- 
Temper- Axon  concen- Normal, Poi- In- Normal, _————~———, injection lated 
Fibre ature diameter tration k,  soned, jected, ks 2k; (pmole/ correction 
ference (°C) (u) P) ky ks k, +k, cm*.sec) factor 
| Arginine phosphate | 
506 18 668 4-4 3-1 050 0-99 0-32 28 1-32 
506 18 14-7 035 128 13 0-41 0-58 36 1-45 
406 20 800 5-4 2-5 048 126 £17 0-52 42 1-32 
‘708 898 74 S085 0:82 52 1-24 
21N8 16 844 8-5 114 O29 O74 — 0-65 — 26 1-17 
268 6. 706 9-1 3-5 0-32 40 15 0-40 0-56 41 1-41 
208 6 21 664 10-3 3-6 061 193 #21 0-54 0-68 53 1-30 
1TN8 17 725 115 165, 036 14 — 0-86 — 43 1-22 
13D7 18 12-1 35. 083 198 0-57 57 1-41 
4S 6 22 578 13-5 3-35 206 2-7 0-62 * 0-68 50 1-39 
10D8 19 766 15:8 2-0 0-18 132 £12 066 . — 42 1-31 
3108 17 810 18. 29* 0-44* 1: 12* 0-66* 0-94* 65* 1-48 
808 19 840 22 21 035 162 £145 0-77 0-90 57 1-12 
708 19 814 23-5 2-1 038 4154 «9073 0-87 52 1-14 
5N8 17 834 24 30* O35" 194 15* 0- 67* 1-09 
108 17 761 27 2-1 030 160 £14 0-76 0-91 51 1-22 
808 18 686 33 2-2 0-37 185 146 0-84 0-97 53 1-15 
l2N8 16 37 13 035 $4135 ~ 11 1-05 1-12 45 1-20 
Phosphoenolpyruvate 
16 804 17 152 023 £100 0-66 47 1-14 
%6N8 15 860 20 151 O27 114 — 076 — 57 1-22 
21N8 16 844 21 114 O34 O88 — 0-73 41 1-36 


in 20 mu-K, 13D7 was in 0-2 mu DNP at pH 6:8, the remainder in 2 mm-CN. 
fluxes are calculated with [Na], as in Table 1. k, is the rate constant in artificial sea water at the beginning of the 
eiment; k, in CN or DNP just before injecting; k, was measured at the peak of the response to injection, usually 15 min 
tinjection ; k, after recovery in artificial sea water. The correction factor (which has not been applied) gives the calcu- 
fi tatio of the total **Na to the quantity which had not diffused beyond the column of ~ P. 


sodium. Rate constants after injection, which do not depend on estimates 

of the internal sodium concentration, are given in Table 3 (Column 7). 

From Column 9 it will be seen that with high concentrations of arginine 
phosphate (> 20 mm) the rate constant after injection into a poisoned 

fibre is about 0-8 of that in the unpoisoned fibre at the beginning of the 
experiment. However, since the rate constant at the end of the experiment 

was less than that at the beginning, this comparison is weighted against 
thé injection. Column 10, which gives the ratio of the rate constant after 
' injection to the mean of the initial and final values, probably affords a 
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fairer basis for comparison; from this it will be seen that with high con- 
centrations of arginine phosphate restoration is about 90% complete. 
Bearing in mind that the correction for longitudinal diffusion of Na has 
not been introduced, the conclusion is that high concentrations of arginine 
phosphate produce a complete, or very nearly complete, restoration of the 
sodium efflux. However, the concentrations required to do this are larger 
than those in the normal fibre; this aspect is considered further on p. 27. 


TaBLE 4, Rate constants and peak sodium fluxes after injection, nucleotides 


1 2 3 4 5 6 7 8° 9 10 11 12 
Peak Na 
Rate constant (min-*/1000) Extent of efflux 
Initial -—— A restoration after Caleu- 
Temper- Axon  concen- Normal, Poi- In- Normal, ———~——— injection lated 
Fibre ature diameter tration k,  soned, jected, k, ks 2k; (pmole/ correction 
reference (°C) (4) P) k, ks + he em*.sec) factor 
ATP y 
18 D6 20 725 2-4 0:29 0-59 0-28 0-38 18 1:35 
18D6 20 7125 12-4 022 100 £4210 0-48 0-65 30° 1-49 
20N 7 19 890 2-8 1-4 0-26 069 — 0-49 — 26 1-41 
19D6 19 780 58 2-7 0438 100 13 0-37 0:50 32 1-41 
19D7 18 911 74 2-2 0-41 127 — 0-58 -- 47 1-41 
22N7 19 867 8-2 195 O28 112 — 0-57 _— 40 1-45 
2407 18 890 8-2 040 118 — O61 40 1-33 
278 7 18 850 9-0 2-2 012 005 — 0-43 _ 34 1-43 
3007 18 842 © 9-2 18 0-34* O97* — — — 46* 1-41 
10N9 19 776 9-5 15 0-21 0-97 10 0-66 0-79 31 1-13 
830 9-6 2-2 0-26" 092* — 43* 1-54 
D6 18 581 126 86838 8605606 156 0-55 38 1-39 
7N8 17 805 143 15 035 090 10 0-60 0-72 32 1-19 
19N8 17 746 17-0 10 024 0655 — 0-55 == 17 1-25 
128 7 19 578 19-6 4-2 059 416 £146 0-38 0-5 39 1-33 
24N8 16 720 32 ee 030 060 — 0-32 —- 18 1-22 
ADP 
11N9 17 806 15 028 054 — 0-36 — 18 1-14 
220 7 17 826 16-8 2-2 028 073 0-33 23 - 
TNT 18 796 18-0 3-0 025 096 — 0-32 — 29 1-45 
16D8 17 606 2-2 038 12 _ 0-55 — 30 1-22 
GTP 
18N9 16 786 10-4 128 O18 O75 O74 0-59 0-74 25 1-23 
12N9 19 774 10-7 200 022 08 068 0-43 ‘64 27 Ill 
| ITP 
13 N9 18 744 11-2 181 020 040 140 0-22 0-28 12 1-14 


* In K-free solution. 2407 and 3007 were in 0-2 mm DNP at pH 6:8, the remainder in 2 mu-CN. 
Other details as in Table 3. : 


Adenosine triphosphate. Figure 9 gives the relation between the initial 
concentration of ATP and the estimated sodium efflux. The efflux appears 
to rise to a maximum of about 40 pmole/em?.sec at 10 mm ~ P and then 
to decline at higher concentrations (see Table 4). On p. 581 it is shown 
that high concentrations of ATP, ADP and pyrophosphate depress the 
sodium efflux of unpoisoned fibres. This probably accounts for the decline 
in Fig. 9, but makes it difficult to assess the restorative effect of ATP. 
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The K sensitivity of the Na efflux 

Arginine phosphate. In an unpoisoned squid axon removal of external K 
causes a sudden and reversible decrease in the efflux of sodium. The 
ratio (Na efflux) efflux); Varied between 0-2 in some 
fresh fibres to 0-5 or more in axons which had been isolated for long 
periods; for example, 0-7 in an axon used 24 hr after death of the squid. 
In the experiments considered here, which were all carried out on axons 
from refrigerated mantles (p. 562), the average value of the ratio was 
0:35; a mean value of 0-30 was obtained on Sepia axons (Hodgkin & 
Keynes, 1955). 
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Hours 
Fig. 10. Effect of injecting alarge quantity of arginine phosphate into a CN -poisoned 
fibre on Na efflux into K-free solution (@) and 10mmM-K (0). The length injected 
with **Na was 10mm and with arginine phosphate, 15mm. Immediately after ” 
the ‘injection the mean concentration of arginine phosphate in the fibre was 
33mm. Axon 2308, diameter 686, 18°C. At the end of the experiment the 
action potential was 101 mV. 


Since the Na efflux is normally K-sensitive, it was important to find out 
whether the Na efflux resulting from injections had the usual response to 
removal of K. An additional reason for carrying out such experiments is 
that strong inhibitors such as 2 mm-CN or 0-2 mm DNP at pH 6-7 cause 


a transient rise in the Na efflux into a K-free solution at a time when the 


Na efflux into 10 mm-K is still near its normal value. This and related 
effects which will be described in a later paper may be summarized by 
saving that the K sensitivity of the Na efflux is more susceptible to 
interference with metabolism than is the absolute level of the Na efflux 
into normal sea water (Caldwell, Hodgkin, Keynes & Shaw, 1960). 
Figure 10 illustrates the effect of injecting a high concentration of 
arginine phosphate into a fibre poisoned with cyanide on the sodium 
efflux in 10 mm-K (©) and in a K-free solution (@). In the unpoisoned 
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fibre the rate constant in 10 mm-K was 2:2 x 10-* min= and removal of K 
reduced this to 0-6 x 10-8 min-*. After the fibre had been in cyanide for 
90 min the rate constant in 10 mm-K was 0-4 x 10-* min“; on injecting 
arginine phosphate (33 mm ~ P) the rate constant in 10 mm-K rose to 
1-85 x 10-8 min-! and remained at this level for an hour. The efflux was 
initially cut to about a half by removing external K but the K sensitivity 
decreased fairly rapidly and had disappeared by the end of the plateau. 
The loss of K sensitivity may be due partly to a loss of arginine phosphate 
and partly to an accumulation of arginine (see p. 562); an accumulation 
of arginine might also explain the fact that although the sodium efflux rose 


2 mM-CN 
c 
0 1 2 oe 5 6 7 8 
Arginine phosphate Hours 
injected 


Fig. 11. Similar to Fig. 10 but injecting a smaller quantity of arginine phosphate. 
The length injected with **Na was 10 mm, and with arginine phosphate 15 mm. 
Immediately after the injection the mean concentration of arginine phosphate in the 
fibre was 7-4mm. Axon 708, 898, 20° C; final action potential, 99 mV. 


to a fairly high level when cyanide was removed there was only a very 
slight recovery of K sensitivity. 

Figure 11 illustrates the action of a dose of arginine phosphate which was 
about one quarter of that considered previously. In this case the period 
of enhanced sodium efflux lasted for a relatively short time and there was 
_ no plateau. A single observation made near the peak of the curve indicated 
that the efflux was little affected by removing K. From Table 5 it can 
_ be seen that the Na efflux became K-sensitive when the injected arginine 
phosphate exceeded a concentration in the axon of about 8 mm. 

The relation between the concentration of arginine phosphate and the 


Na efflux into a K-free solution is illustrated by curve B in Fig. 8. In. 


contrast to the efflux into 10mm-K, which remained approximately 
constant over the range 10-30 mm ~ P, the efflux into a K-free solution 
probably reached a maximum at about 10mm ~ P and then declined 
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slowly as the concentration was increased to 35 mm ~ P. The two curves in 
_ Fig. 8 account satisfactorily for the way in which the Na efflux into 10 mm-K 
|| and K-free solution vary with time after injection of a large quantity 
(of arginine phosphate. Suppose that, as in the experiment of Fig. 10, the 
initial concentration of arginine phosphate is 33 mm. As the concentration 


TaBLeE 5. Effect of injections on K sensitivity of sodium efflux 


1 2 3 4 5 | 6 7 
(Na efflux in K-free solution):(Na efflux in 10 mm-K) 
| Initial InCN _ Normal 
Fibre concentration soon after long after after 
reference (mM ~ P) Normal In CN injection injection recovery 
Arginine phosphate 
708 74 0-30 — 0-9-1-0 — 0-5 
21N8 8-5 0-41 1-0 — 
17N8 11-5 0-43 1-2 0-83 1-3 
(17N8 45-6 1-3 0-68 ---) 
3108f 18 0-18t 1-1f 0-49f 0-85t 
2808 22 0-29 1-0 0-64 a 0-78 
2708* 23-5 0-34 1-4* 0-73* 1-00* 
5N8t 24 1-5t 0-51t 1-2t 
2308 33 0-27 -- 0-54 1-0 0-98 
12N8 37 0-35 1-2 0-46 — 0-86 
(19N8 43 0-31 1-4 0-51 -— —) 
Phosphoenolpyruvate 
24N9 17 0-42 1-1 0-65 1-23 
26N8 20 0-30 1-4 0-68 
(21N8 21 0-41 — 0-81 — —) 
ATP 
10N9 9-5 0-31 1-2 1-03 = 0-69 
7N8 14-3 0-41 1-4 0-93 — 0-9 
19N8 17-0 0-31 1-4 0-94 — — 
24N8 32° 0-29 1-4 0-91 
ADP 
16D8 16 0-45 1-4 1-02 — = 
GTP 
18N9 10-4 0-46, 1:3 1-1 1-5 0-85 
12N9 10-7 1-3 — 


* Axon in K-free solution for most of experiment, 10 mm-K for short periods only. 
+ 20 mm-K instead of 10 mm-K throughout. Results in brackets are second injections of 
phosphate ester done at a later stage of the experiment. In Columns 5 and 6, ‘soon’ and 
‘long’ mean about 15 and 120 min, respectively. | | 


falls from 33 to 10 mm the Na efflux into 10 mm-K should remain constant 
but the efflux into K-free solution should rise steadily. K sensitivity. 
ought to disappear at. the end of the plateau. These predictions were 
borne out by the experiment of Fig. 10 and by other experiments of a 
similar type. 
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One point not illustrated by Fig. 10 is that in cyanide either before or long after the in- 
jection there is a small effect of K on sodium efflux which is in the opposite direction to that 
in the normal fibre. In the poisoned fibre removal of K usually increases the residual efflux 
by 10-40% instead of decreasing the efflux by 60-80 % as in a normal fibre. The effect of a 
maximal injection of arginine phosphate is thus to alter the ratio (Na efflux),.,..:(Na 
efflux)i0 mux from 1-+1-1-4 in cyanide to about 0-5 soon after the injection. 


The general conclusion from the experiments with arginine phosphate 
is that this compound is capable of restoring a K-sensitive efflux of sodium 
but only when applied at concentrations which are much higher than those 
in a normal fibre. 
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PEP injected Hours 


Fig. 12. Effect of injecting phosphoenolpyruvate (PEP) into a CN-poisoned 
fibre on Na efflux into K-free solution (@) and 10 mm-K (0). The length injected 
with **?Na was 10 mm, and with PEP 16 mm. Immediately after the injection the 
mean concentration of PEP in the fibre was 20-5 mm. Axon 26N8, 860, 17° C; 
final action potential, 87 mV. | : | 


Phosphoenolpyruvate. Figure 12 gives the result of injecting phospho- 


enolpyruvate (PEP) into an axon poisoned with cyanide..The recovery of © 


K sensitivity is definite, but not as marked as with arginine phosphate; 
the reason may be that the PEP was injected as a sodium salt, for there 


were indications that the K effect was small when the internal sodium 
was high. 


An unexpected conclusion about the action of PEP, which depends on a single experiment, 
is that after the response to the injection had worn off there was no final recovery on 
removing cyanide. This result is illustrated in Fig. 12; the other experiments with PEP, 
which were terminated in cyanide, provided no evidence about recovery. Since there was 
always a substantial recovery on removing cyanide after injections of ATP or arginine 
phosphate, it seems that PEP may give rise to some compound with a blocking action 


which outlasts removal of cyanide. 

Adenosine triphosphate. The effect of injecting a large concentration of 
ATP is illustrated by Fig. 13. The sodium efflux did not rise to such a 
high value as that obtained after injections of arginine phosphate and it 
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was tested on one fibre which was used 15 hr after the death of the squid. 
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_ was not appreciably reduced by removing external K; similar results were 


obtained in all the other experiments with ATP (Table 5). In one case 
an injection of arginine phosphate made the Na efflux sensitive to external 
potassium after a previous injection of ATP had failed to do so. 


Although the results of injecting ATP were clearly different from those of injecting arginine 
phosphate, it is not right to conclude that ATP had no effect at all on K sensitivity. When 
external K was removed the Na efflux of a fibre in cyanide normally increased, instead of 
decreasing as in an ainpoisoned fibre. After an ATP injection removal of K no longer 
increased the Na efflux, so that in this sense the ATP did have a small effect on K sensitivity. 


2mM-CN 
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Fig. 13. Effect of injecting ATP into a CN-poisoned fibre on Na efflux into K-free 
solution (@) and 10 mm-K (0). The length injected with **Na was 12mm and 
with ATP, 18mm. Immediately after injection the mean concentration of ATP 
in the fibre was_4-8 mm (9-5mm ~ P). Axon 1ON9, 19°C; final action 
potential, 92nV. The ATP contained about 4% of the phosphorus as ADP. 


Adenosine diphosphate, guanosine triphosphate and inosine triphosphate. 
These compounds increased the Na efflux of a cyanide poisoned fibre but 
did not restore the normal K sensitivity (Table 5). The Na efflux after a 
GTP injection resembled the residual efflux in cyanide in being increased 
by removing K instead of being reduced as in the normal fibre. 


The effects of injections on Na efflux in unpoisoned fibres 
Arginine phosphate. Injections of arginine phosphate into normal fibres 


had little effect on Na efflux or on its K sensitivity. Tests were made with 


external potassium concentrations of 0, 10, and 20 mM; in no case was 


there any appreciable change in Na efflux after the injection of arginine 


phosphate. These results suggest that the normal fibre contains enough | 
ary inine phosphate to saturate the transport mechanism. 
Sinee the K sensitivity of the sodium efflux declined when fibres were 


_ left for 12-24 hr in sea water, it seemed possible that arginine phosphate 


m'ght. have a beneficial effect when injected into an old fibre. This point 


a? 
| 
ia 
at 
x 
& 
; 
f 
| 
yn 
P 
? 
asf 
1e 
yn 


580 P.C. CALDWELL AND OTHERS 


Figure 14 shows that injection of arginine phosphate affected neither the 
K sensitivity nor the absolute level of the sodium efflux. The conclusion 
is that the low K sensitivity of old fibres does not depend on a low con- 
centration of arginine phosphate but on some other change. 


Arginine phosphate 
injected 
3 


: 


Fraction of 74Na lost per minut 


0 
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Fig. 14. Effect of injecting arginine phosphate into an unpoisoned fibre on Na efflux 
into K-free solution (@) and 10 mm-K (0). The length injected with **Na was 
10 mm and with arginine phosphate, 16mm. Immediately after injection the 
mean concentration of the injected arginine phosphate in the fibre was 37 mm. 
Axon 14N 8, 805 pu, ca. 18° C. This axon, which was taken from a squid which had © 
just died, was kept for 15 hr, mainly at 0° C, before use. The action potential was 
104 mV at the beginning of the experiment and 102 mV at the end. 


Adenosine triphosphate. When injected in fairly high concentrations 
(> 3mm), ATP depressed the efflux of sodium from an unpoisoned fibre. 
Figure 158 illustrates the decrease in efflux resulting from an injection 
which gave an initial rise of 8mm (16mm ~ P). The effects of high 


concentrations of pyrophosphate were similar to those of ATP (Fig. 15.4) . 


A single experiment showed that ATP at a concentration in the axon of 
5 mm depressed the efflux into K-free solution in about the same proportion 
as that into 10mm-K. High concentrations of ATP seem to depress the 
absolute level of the Na efflux but not to alter its K sensitivity. As the 
depressant action of ATP was reminiscent of the inhibitory effect of an 
excess of ATP on the adenosine triphosphatase of myofibrils (Perry & 
Grey, 1956), the effects of Mg were investigated. Introduction of Mg (as 
MgCl,) in an amount equivalent to the ATP appeared to have a protective 
effect, neither the Mg nor ' the subsequent dose of ATP causing any marked 
change. 

Adenosine loki. Figure 16 shows the result of injecting sufficient 
ADP to raise the concentration in the axon by 2-6 mm. The effect of ADP 
was to raise the Na efflux into K-free’sea water and to cause a slight 


reduction in the efflux into 10 mm-K. In contrast to ATP, ADP reduces 
K sensitivity. 


pate 


{ 
¥ 
a 


on. 
n- 


Q a 


INJECTION OF ‘ENERGY-RICH’ PHOSPHATE 581 


_ With a much larger quantity of ADP (13 mm in the axon) the injection 
left the Na efflux into K-free sea water unaltered and reduced the efflux 


‘into 10 mm-K to the K-free level. Apparently a high concentration of 
_ ADP has an inhibitory effect which is similar to that of excess ATP. 
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Fig. 15. The effect on Na efflux from unpoisoned axons of injecting pyrophosphate 
and ATP. In both experiments the axons were loaded with a 12mm column 
of *Na, and the phosphate compounds were injected over the same 12 mm. 
A: axon 1787, diameter 6584, temperature 18° C, concentration of potassium 
pyrophosphate inside axon after injection was 14-4 mM. B: axon 1687, diameter 
640 u, temperature 18-5° C, concentration of K salt of ATP inside axon after 
injection was 8-0 nim (16 mm ~ P). 


Arginine. In fibres poisoned with cyanide a high concentration of 
arginine phosphate increases the K sensitivity of the sodium efflux. One 
might therefore expect that a high concentration of arginine would reduce » 
the K sensitivity of the normal efflux. Figure 17 shows that the initial 
effect of injecting arginine into an unpoisoned fibre was to increase the 
Na efflux into K-free. solution. Before injecting arginine the ratio 
(Na efflux). peo: (Na-efflux),5 Was 0-23; 5 min after the injection it was 
0-8. On leaving the fibre there was a slow recovery in K sensitivity and 
a final injection of arginine phosphate caused only a slight improvement. 
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The slow recovery is not understood, since there was not enough phosphate 
in the axon to convert much of the arginine into arginine phosphate. 
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Fig. 16. Effect of injecting ADP into an unpoisoned fibre on Na efflux into K-free 
solution (@) and 10 mm-K (0). The length injected with **Na was 10 mm and with 
ADP, 16mm. Immediately after injection, the mean concentration ef ADP in the 
fibre was 2.6mm. Axon 27N8, 860, 19° C; final action potential, 80 mV. 
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Fig. 17. Effect of injecting arginine HCl into an unpoisoned fibre on Na efflux 
into K-free solution (@) and 10 mm-K (0). The length injected with **Na was 
10mm and with arginine HCl 16mm. Immediately after injection the mean 
concentration of arginine in the fibre was 62mm. Axon 9D8, 788», 18° C, final 


action potential 92 mV. 


The effect of injections on the other Na and K fluxes in poisoned fibres 

Na influx: the effect of CN and of ATP injections. The experiments on 
Na influx were done before the difference between the effects of ATP and 
of arginine phosphate on the Na efflux had been appreciated, and were 
confined to the action of injected ATP. The Na influx was determined by 
exposing the axon to a solution containing *4Na for 10 min, and then taking 
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ite counts for about an hour with a stream of inactive sea water flowing past 
the axon. The removal of adherent small fibres and connective tissue from 
the giant axon was done as completely as possible, but even so about 
40 min elapsed before all the superficial “*Na was washed away. However, 
after this period the radioactivity declined with a low rate constant of the 
| game order (0-01—0-02 hr) as that found for CN-treated axons injected 


10 min 10 min 10 min. 
in Na*® in Na* in Na® 
20,000 ° 
TT 
| + 5650 
15,000 
° 
+6600 “| T 
8000+ 
° 
6000 = TT —00-5— 
+6130 
ATP 
injected 
0 1 2 3 4 5 6 7 
, Hours 
ate Fig. 18. The effect of injecting ATP on the influx of labelled sodium. Both the 


*4Na solution and the inactive solution in which counts were taken contained 
2mm-CN, and the axon had been in the CN-sea water for 2-2 hr before the first 
period in **Na. Sufficient ATP was injected at the arrow to give a mean concen- 
tration of 5-3 mm in the axoplasm, over a length of 20 mm. Axon 9D7, diameter 
768 u, temperature 17°C. At the end of experiment the resting potential was 
58 mV, action potential 97 mV. , 3 


_ with ?2Na, and could therefore be taken to represent labelled Na which 
had penetrated into the axoplasm. In earlier work with a similar technique 
(see Hodgkin .& Keynes, 1955) it was easier to distinguish between extra- 
cellular and intracellular radioactivity, since the *4Na was introduced by 
stimulation, and relatively more entered the interior of the axon. Clearly, 
_it would be desirable to make more measurements with extruded axoplasm 
_in order to avoid this difficulty. 

One experiment is illustrated in Fig. 18 and the results of this and four 
others are listed in Table 6. It appears that, as in DNP-treated Sepia 
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axons (Hodgkin & Keynes, 1955), the Na influx was little changed by 
poisoning with 2mm-CN (8 unpublished experiments with smaller axons 
which were done in 1952 gave an average resting Na influx into unpoisoned 
squid axons of 49 pmole/cm?.sec; Shanes & Berman (1955) give 62 pmole/ 
em?.sec for the axons of L. pealii). For what it is worth, the table suggests 
that there may be a slight increase in Na influx immediately after the 
injection of ATP, which would be qualitatively consistent with the idea 
that ATP promotes an exchange diffusion of Na across the membrane. 
But the action of ATP on the influx seems to be definitely less than its 
stimulating effect on the efflux. 7 


“ TaBie 6. The effect of injecting ATP on the influx of labelled sodium 
into CN-poisoned axons 


Influx Influx 15 Influx 1-5 


before min after hr after [ATP] 
Axon injection injection injection after 
diameter (pmole/ (pmole/ (pmole/ injection 
cm? .sec) cm? .sec) cm? .sec) (mm ~ P) 
850 35 21 — 8-6 
880 33 71 38 8-0 
768 42 45 39 10-6 
856 48 50 54 8-6 
935 53 72 37 7:2 
Mean 42 52 42 8-6 


All the axons had been treated with 2 mm-CN for at least 1-2 hr before making the first 
influx measurement. In the first experiment the Na influx before poisoning was determined 
as 32 pmole/cm?’.sec; in the other experiments the unpoisoned influx was not measured. 
Temperature 17—19° C. 


K efflux: the effect of CN and of ATP injection. Figure 19 shows that 
neither cyanide nor a subsequent injection of ATP had any marked effect 
on the efflux of labelled potassium. A second experiment on similar lines 
gave the same result. This emphasizes the difference in nature between the 
passive K efflux, effectively independent of metabolism, and the metabolic- 
ally-driven Na efflux. | 

K influx: effects of cyanide and of injecting AT'P or arginine phosphate. 
Determinations of K influx by counting intact squid axons proved to be 
complicated by the presence of substantial amounts of K in a superficial 
region of the fibre which exchanged much more rapidly than K introduced 
into. the axon by micro-injection. It was therefore necessary to rely on 
measurements with extruded axoplasm, pairs of axons being used where- 
ever possible. These results are given in Table 7. Tentative conclusions 
are (1) cyanide reduces K influx to about 25-50%; (2) after cyanide 
poisoning, injections of ATP, in concentrations giving about the maximum 
Na efflux, may give an increase in K influx—however, this increase was 
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small and was not statistically significant; (3) after cyanide poisoning, 
injections of arginine phosphate increase K influx about threefold. 
These results are consistent with the idea that injections of arginine 


‘ phosphate are more effective than ATP in restoring the coupling between 


K entry and Na exit. However, it now seems unlikely that there can be a 
TABLE 7. K influxes in paired axons | 


I. Effect of CN (uncleaned axons) 
K influx (pmole/cm?. sec) 


Diameter r 
A 2 mm-CN Unpoisoned Difference 
A B A B B-—A 
638 638 5-8 20-7 14-9 
712 690 13-6 14-8 1-2 
622 645 8-7 21-6 12-9 
Mean + 9-3+2:3 19-0 + 2-2 9°-7+4-1 
II. Effect of ATP after CN (cleaned axons) 
Diameter (,) .2mm-CN, Concentration 
injected of ATP in axon 
A B 2 mm-CN with ATP Difference (mm ~ P) 
955 986 6-6 9-1 2-5 6-8 
655 684 3-6 4-4 0-8 14 
850 924 2-6* 8-0* 5-4* 7:2 
Mean +8.£. 7-2+1-4 
Ill. Effect of arginine phosphate after CN (cleaned axons) 
Concn. of 
2 mmM-CN, arginine 
Diameter (,) injected with phosphate 
A arginine in axon 
A 2 mm-CN phosphate Difference (mM) 
681 709 5-0 14-3 9-3 48 
761 756 4-3 12-9 8-6 42 
841 810 4-4 12-5 8-1 37 
806 821 3-2. 14+] 10-9 35 
844 831 4-6 14-6 10-0 35 
Mean + 8.£. 43+03 13-7+0-4 9-4+0°5 


* These axons were stimulated at 156/sec for 20 min before being placed in cyanide. 

ATP or arginine phosphate was injected over a length of 20 mm about 10 min before a 
10 min exposure to “*K. After removal from “°K, axons were soaked 10 min in inactive sea 
water before extruding axoplasm; in the case of injected axons, axoplasm was taken from 
15mm in the injected region. Control and injected axons were kept for the same period 
in CN (14-2 hr). Temperature, 17—-19° C. The mean resting influx in unpoisoned cleaned 
axons was 16-3 + 2-2 pmole/cm?.sec (5 experiments). 


one-to-one coupling between K entry and Na exit. Fro~ Table 7 the 
Na efflux resulting from an injection of arginine phosphz.e is probably 


about 50 pmole/cm?.sec. Since the. Na efflux is reduced to about 25 pmole/ 


em?.sec on removing K one might expect a K influx of 25 pmole/cm?.sec 
if the K effect depends on a component of the Na efflux which is 
coupled in a one-to-one fashion with K influx. In practice, the extra 
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K influx resulting from an injection of arginine phosphate was about 
10 pmole/cm?.sec. Both this result and those obtained with normal fibres 
are better fitted by a theory in which an ae of one K+ ion promotes the 
exit of 2 or 3 Nat ions. 


In 2mmM-CN 
00003 | 
E 0-0002/- ATP injected 
0.0001 
- 
0 1 2 


Hours 


Fig. 19, The effect of CN and injection of ATP on the potassium éthux. from a 
squid axon, The axon was loaded with “°K by the injection of a 13 mm column 
of 0-57 M-K*Cl at zero time. At the arrow, sufficient ATP was injected to give 
a@ mean concentration of 8mm ~ P over the same 13 mm, The lengths of the 
vertical lines indicate +2 xs.£. of the counts. Axon 11N7, diameter 912», tem- 
perature 17°C. At end of experiment resting potential was 59 mV, action 
108 mV. 


DISCUSSION 


The object of this investigation was to see how far the effects of meta- 
bolism on the movements of Na and K could be imitated by injecting 
substances like arginine phosphate and ATP. The general answer is that 
both compounds increase the Na efflux of a fibre poisoned with cyanide or 
DNP, but that injected arginine phosphate is a more effective substitute 
for metabolism than injected ATP. Thus, arginine phosphate restores the 
normal coupling between Na efflux and K influx, whereas injected ATP 
seems to have little effect on K influx and gives a Na efflux which is not 
K sensitive. Of the other compounds containing ~ P which were tested, 
only phosphoenolpyruvate gave a Na efflux which was reduced by removing 


external K; creatine phosphate caused no increase and ITP a very slight 


increase in Na efflux; ADP and GTP caused a substantial increase in 
efflux which was not reduced by removing external K. 
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The compounds which increase Na efflux might all do so by providing 
asupply of ATP at the membrane. For ATP itself no intermediate reaction 


_ js required; for the other three compounds in which we were principally 
jaterested the reactions and enzymes might be as follows: 


I. ADP+arginine P = ATP+arginine (Arginine phosphokinase), 
Il. ADP+pyruvate P = ATP+pyruvate (Pyruvate phosphokinase), 
Ill. 2 ADP = ATP+AMP (Adenylate kinase). 


In this hypothesis it is assumed that the axoplasm contains the necessary 
enzymes and that a small amount of ADP is left after cyanide poisoning. 
Evidence for these assumptions is provided by recent unpublished ob- 
servations which show that injection of arginine phosphate into fibres 
poisoned with cyanide does regenerate ATP from AMP and that injection 
of phosphopyruvate under similar conditions regenerates both ATP and 
arginine phosphate. Some further assumption is needed to explain the 
effects of arginine phosphate and phosphoenolpyruvate in making the 
sodium efflux sensitive to removal of potassium. One possibility is that 
the transport system requires for its normal operation not only a supply 


of ATP but also that there should be a high ATP:ADP ratio near the 


membrane. On this view, the effects of arginine phosphate or phospho- 
pyruvate on the coupling between K and Na movements arise from their 
action in keeping ADP at a low level by reactions I and II; ATP does not 


restore K sensitivity because it rapidly produces ADP by reaction III. 


The results of injecting ADP or arginine into unpoisoned fibres were 
consistent with this idea, since both substances increased the Na efflux » 
into a K-free solution without having much effect on the efflux into a 
solution containing 10 mm-K. However, such experiments do not prove 
that the conversion of ATP to ADP is the reaction immediately concerned 
with ionic transport. It could equally well be argued that the transporting 


Mechanism requires a high ratio of arginine phosphate to arginine, and 


that ADP affects the coupling between K and Na movements by con- 
verting arginine phosphate to arginine. Indeed, if the various forms of 
high-energy phosphate are in rapid equilibrium, it may be very difficult to 
decide which phosphate compound is most directly concerned in driving 
ion transport. 

A quantitative difficulty raised by the experiments is that although 
injected arginine phosphate gave a complete, or nearly complete, restoration 
of the normal sodium efflux, the concentration required was about twice 
that in a normal fibre. Still higher concentrations were needed to make 
the Na efflux K sensitive. Two possible causes of the discrepancy will be 
considered. In the first place, the figure for the concentration of arginine 
ph: sphate was obtained by dividing the quantity injected per centimetre 
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by the cross-sectional area of the axon. The peak sodium efflux was reached 
10-15 min after the injection and not instantaneously as would be expected 
if radial diffusion of arginine phosphate were so rapid that it could be 
neglected. By the time the Na efflux reaches its peak some arginine 
phosphate has probably broken down, so the total quantity in the fibre 
should be less than the amount injected. Furthermore, the concentration 
at the surface of the axon should be less than the mean concentration, 
since there must be 4 diffusion gradient in the axoplasm. Calculations 
with an equation in Carslaw & Jaeger (1947, p. 308, eqn. 7) suggest that 
with a diffusion coefficient of 0-4 x 10-* cm?/sec the surface concentration 
of arginine phosphate would reach a maximum in about 15 min and that 
the maximum surface concentration would be only one third of the initial 
mean concentration. A similar argument should hold if the diffusion 
coefficient of arginine phosphate in axoplasm is not as low as 0-4 x 10~® 
and the delay in the rise of Na efflux is due to an intermediate chemical 
reaction. 

Another explanation of the quantitative discrepancy is that the poisoned 
fibre probably contains an abnormal amount of break-down products such 


as arginine, AMP or inorganic phosphate. In the presence of these com- 


pounds it may require an unusually large concentration of arginine phos- 
phate to restore a situation approaching that in the normal fibre. 

The same arguments might also explain why very high concentrations 
of arginine phosphate are needed to restore the K sensitivity of the Na 
efflux. It seems likely that the loss of K ‘sensitivity depends on the 


-accumulation of a break-down product which may perhaps be identified 


with ADP. Possibly only a very slight rise in concentration, say from 
0-01 to 0-1 mm, may be enough to abolish K sensitivity. In that case 
significant amounts of ADP might accumulate near the membrane unless 
the mitochondria in the immediate vicinity were metabolizing normally. 
Very large concentrations of arginine phosphate might then have to be 


injected into poisoned fibres in order to reduce the ADP at ie surface to 
the normal level. | 


SUMMARY 


1. Injections of adenosine triphosphate or diphosphate, guanosine 
triphosphate, arginine phosphate and phosphoenolpyruvate (PEP) caused 
a transient increase in the efflux of labelled sodium from squid giant axons 
which had been poisoned with 2 mm cyanide. Injections of creatine | 
phosphate, adenosine monophosphate, arginine, inorganic phosphate, 


_ pyrophosphate and various salt solutions had no restorative action on 


fibres poisoned with cyanide; inosine triphosphate had only a very slight 
effect. 
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2. Injections of ATP and arginine phosphate also had a restorative 
effect on fibres poisoned with 0-2 mm DNP at pH 6:7; the other compounds 
were not tested. 

3. ATP and arginine phosphate had no effect when applied ey 

to fibres poisoned with cyanide. 

4. The duration of the response to ATP or arginine phosphate varied 
between about half an hour with a small quantity to several hours when 
injecting 5-10 times the quantity in an unpoisoned fibre. 

5. The number of Na ions extruded was roughly proportional to the 
number of molecules of phosphate ester injected. Na: ~ P ratios were 
about 0-7 for ATP, arginine phosphate and PEP, about 0-4 for ADP and 
GTP and about 0-03 for ITP. 

6. The Na effluxes obtained by injecting high concentrations of arginine 
phosphate into poisoned fibres were intermediate between the levels in 
unpoisoned fibres at the beginning and end of the experiment. 

7. The Na effluxes resulting from injections of ATP, ADP or GTP 
differed from the normal efflux in that they were not reduced by removing 


external potassium. On the other hand, the Na effluxes resulting from 


injections of arginine phosphate or PEP resembled the normal efflux in 


that initially they were substantially reduced by removing external 


potassium. 
8. Injections of arginine phosphate eee the K influx of cyanide- 
poisoned fibres about threefold; ATP injections had relatively little effect. 


9. The downhill fluxes (Na influx and K efflux), which were little altered ~~ 


by cyanide, were not much changed by injecting ATP into fibres poisoned 
with cyanide. | 

10. The Na efflux of unpoisoned axons was not affected by injections 
of argiriine phosphate and was depressed by high concentrations of ATP, 


_ ADP or pyrophosphate. Injections of ADP or arginine made the Na efflux 


of the normal fibre insensitive to removal of external potassium. 
11. The experiments provide further support for the view that meta- 
bolism drives the cation transport system by generating high-energy | 


_ phosphate bonds which are carried to the membrane by substances like 


arginine phosphate and ATP. They also suggest that the presence of 
arginine phosphate as well as ATP may be required for the normal 
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indebted to Professor Ennor for a gift of arginine phosphate and to the Royal si the 
Rockefeller Foundation and the Nuffield Foundation for financial assistance. 
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It has been known for several years that the outward movement of 
sodium from the giant axons of squid and cuttlefish can be greatly reduced 
either by removing potassium ions from the external medium or by apply- 
ing metabolic inhibitors such as cyanide or dinitrophenol (Hodgkin & 
Keynes, 1955). In the earlier work the effects of removing potassium or of 
inhibitors were studied separately and inhibitors were usually applied in 
solutions which had the normal potassium concentration of 10 mm. This 
paper is concerned with the rather curious results obtained by measuring | 
the effects of inhibitors on the efflux of sodium into a potassium-free solu- 


_ tion. If the normal sodium efflux is first reduced by removing K, the initial 


effect of a strong inhibitor, such as 2 mm-CN or 0-2 mm DNP at pH 6-7, 


_ is a transient rise in the efflux of sodium into a K-free solution; this lasts 
- for 30-60 min, after which the efflux falls to the low value characteristic 


of a fully poisoned axon. With a milder inhibitor, such as 0-2 mm DNP 
at pH 8, there is a maintained rise in the Na efflux into a K-free solution. 
Taken by themselves these results are puzzling, but they fit well with the 
observations that arginine phosphate breaks down before adenosine tri- 
phosphate (ATP) (Caldwell, 1960) and that injecting arginine phosphate 


into poisoned fibres restores a K-sensitive sodium efflux, whereas injecting 


ATP. produces a K-insensitive sodium efflux (Caldwell, Hodgkin, Keynes 
& Shaw, 1960). In more general terms it seems that mild or partial 
inhibition of metabolism may increase the efflux of sodium into a K-free’ 
solution by uncoupling Na and K movements. 


METHODS 


Except where indicated the apparatus and method were the same as in the p ; 
_ . paper (Caldwell e¢ al. 1960). ng 
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RESULTS 
The effect of applying 2 mm-CN in the presence or absence 
of external potassium 
The full curve and the filled circles in Fig. 1 illustrate the action of 
cyanide on the efflux of sodium into a K-free medium. To begin with, the 
axon was in normal sea water containing 10 mm-K and 460 mm-Na. On 
changing to a similar K-free solution containing 460 mm-Na, the Na efflux 
dropped suddenly to about one fifth of its previous value. When the solution 
was changed to a K-free cyanide solution, the Na efflux rose gradually 
for about 20 min and then declined in 1-2 hr to a level which was somewhat 
less than the original, unpoisoned value in K-free sea water. The broken 


In 2mM-CN 
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Fig. 1. The effect on Na efflux of applying 2 mM-CN in a K-free medium. Axon 
diaineter 650, temperature about 19°C. The dashed line shows the decline of 
the efflux with a normal external (K); it was obtained by averaging all the experi- 
ments carried out in 1956 and 1957 with 10 mm-K and 2 mm-CN. 


curve, which was obtained by averaging all the experiments carried out in 
1956 and 1957, shows the effect of cyanide on the efflux of sodium into a 
solution containing 10 mm-K. With this solution there was usually no 
initial rise on applying cyanide, and after a delay of 10-20 min the efflux 
gradually declined to its fully poisoned level. The two curves in Fig. 1 
are not strictly comparable, since they were not obtained on the same 
fibre and since the rate at which energy-rich phosphate disappears may 
vary with the potassium concentration of the external medium. In order 
to find out when the Na efflux ceases to be K-sensitive it is necessary to 
make measurements of the type shown in Fig. 2. 

There was some variation in the initial effects of cyanide. The 
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experiments carried out in 1957 all gave results very similar to those in 
Fig. 1. However, a further set of experiments done in 1958 showed a larger 
transient rise in the Na efflux into a K-free solution and on some occasions 
_asmall transient rise in the efflux into 10 mm-K. Figure 2 illustrates one 
_ of the later experiments. In this case alternate measurements with 10 mm- 
_K and K-free solution were made during the period when cyanide was 
‘having its effect; curves for the efflux into the two solutions can therefore 

be given for the same axon. 


2mm-CN 


Fraction of 7*Na lost per minute 


0 4 


Fig. 2. The effect. of 2mm-CN on Na efflux in solutions containing 10 mm-K (O) 
or K-free (@). Axon diameter 830, temperature 20° C. The curves are broken 
during the period when the axon was in the other solution. 


Although there are minor differences between Figs. 1 and 2, both show 
that the early effects of cyanide are a rise in the Na efflux Ynto a K-free 
solution and a loss in the K sensitivity of the Na efflux; later, the effluxes 
_ into 10 mm-K and into K-free solution both decline to a low value. In 
three experiments, K sensitivity was lost after 30-40 min in cyanide, at 
which time the Na efflux was 50-80% of the normal efflux in 10 mm-K. 
_ Afurther reduction to 10-20 % oceurred within about 1-5 hr after applying 
cyanide. If these times are compared with Caldwell’s (1960) observations 
on the disappearance of phosphate esters in cyanide it will be seen that 
the K sensitivity of the Na efflux is lost at about the time when arginine 
phosphate disappears from the axoplasm, and that the final reduction of — 
_ the Na efflux corresponds roughly with the time taken for all the arr 
to break down in cyanide. 

The latter part of Fig. 2 shows that there was a transient rise in the 
Na efflux into a K-free solution when cyanide was removed as well as when 
it was applied. This result is to be expected, since it is likely that ATP is 
resynthesized before arginine phosphate. 
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The effect of Na efflux of 0-2 mm DNP at pH 6-7 
With this inhibitor the break-down of arginine phosphate and ATP in 
squid axons follows much the same course as in 2 mM-CN (Caldwell, 1960). 
When the inhibitor was applied under K-free conditions there was a 
transient rise in Na efflux of the same kind as in Fig. 1. As with 2 mm- 
CN, the rise in efflux occurred during the period when the fibre contained 
ATP but not arginine phosphate. 


The effect on Na efflux of 0-2mm DNP at pH 8 


If 0:2 mm DNP is applied at a pH of 8 the final concentration in the 
axoplasm is about one seventh of that found when the inhibitor is applied 
at pH 6-7 (Caldwell, 1960). The probable reason is that DNP is a weak 
acid and that the undissociated compound crosses the membrane more 
readily than the anion. When 0:2 mm DNP is applied at pH 6-7 both argi- 
- nine phosphate and ATP disappear ; at pH 8, arginine phosphate disappears 
but there is little break-down of ATP. Application of 0-2mm DNP at 
pH 8 produced a sustained effect on the Na efflux, similar to the peak of the 
transient effect of stronger inhibitors such as 2 mm-CN or 0-2 mm DNP at 
pH 6-7. With 10 mm-K in the external solution there was only a slight 
reduction in Na efflux, but, in the absence of K, 0:2mm DNP at pH 8 caused | 
the Na efflux to rise to a steady level which was maintained for several 
hours. Figure 3 illustrates one of the experiments. To begin with, removing 
K from the solution outside the unpoisoned fibre reduced the rate constant 
to about one fifth. On applying 0:2 mm DNP at pH 8, the efflux into the 
K-free solution rose to about two-thirds of its normal value and then 
remained fairly steady for 14 hr. At the end of this time the efflux was 
K-insensitive, as is shown by the absence of any increase when (K) was 
raised from 0 to 10mm. When 0:2 mm DNP was removed there was no 
change in the efflux into 10 mm-K, but the efflux into K-free solution 
decreased as the transport system once more became K-sensitive. 

The experiments with 0-2 mm DNP at pH 8 showed that the effects of 
the inhibitor were, first, to produce little change in the Na efflux into 
10 mM-K; secondly, to increase the Na efflux into K-free solution and 
thirdly, to reduce or abolish the K sensitivity of the Na efflux. If dis- 
appearance of arginine phosphate is responsible for these changes it should 
be possible to restore the normal situation by injecting arginine phosphate. 
Figure 4 shows that an injection of arginine phosphate into an axon 
poisoned with 0-2mm DNP at pH 8 caused a transient restoration of 
K sensitivity. The recovery, which lasted for 30-60 min, took the form 
of a reduction of the Na efflux into the K-free solution without: much 
change in the efflux into 10 mm-K. The K sensitivity was not restored to 
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Fig. 3. The effect on Na efflux of applying 0-2mm DNP at a pH of about 8 in a 
K-free medium. Axon diameter 735 4. Temperature 18-5° C. 


0-2 mm DNP pH 8 010 mM-K 


@ K-free 


Arginine phosphate 


| injected 


| 

| 

| 
| 


Fraction of 22Na lost per minute 


0 1 2 3 4 5 ee 7 
Hours 

Sig. 4, The effect on Na efflux of injecting arginine phosphate into a fibre poisoned 
with 02mm DNP at ‘pH 8. A length of 10mm was injected with *Na and a 
length of 14 mm was injected with arginine phosphate, there being an overlap of 
2 mm at either end. The mean initial concentration of arginine phosphate in the 
oxoplasm immediately after the injection was 10mm. Axon diameter, 783 y; 
-emperature 18° C. 
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the original level, but this could hardly be expected since there was only 
a partial recovery when DNP was removed at the end of the experiment. 

Injections of ATP into fibres poisoned with 0-2 mm DNP at pH 8 had 
little effect on the sodium efflux and did not restore K sensitivity. This is 
reasonable, since the partially poisoned fibres should have retained ATP 
and since injections of ATP are not sufficient to restore K sensitivity to 
fibres poisoned with cyanide. 


The effect of 0-2 mm DNP at pH 8 on K influx 
Since 0-2 mm DNP at pH 8 seems to interfere with the normal coupling 
between Na and K movements it might be expected to reduce the influx 
of potasssium. The experiments in Table 1, which were carried out by 
measuring the amount of **K in the axoplasm extruded from paired axons, 
show that the influx of potassium was halved by exposure to 0-2 mm DNP 
at pH 8 for 14~2 hr. 


TABLE 1, Effect of 0-2 ma DNP at pH 8 on K influxes in paired axons 
K influx (pmole/em’. sec) 


Diameter 

y —A 0:2 mu DNP, Unpoisoned, 
A B pH 8 pH 8 
765 782 10-2 20-2 
730 686 11-2 22-4 
769 778 7-0 17-4 
980 958 17-7 34-8 
873 767 10-1 23-9 

Mean + S.£. 11-2+1-8 23-7 + 2-9 


The axons, which were not cleaned, were exposed to 0-2 mm DNP at pH 8 in artificial sea 
water for 2-3hr. During the last 20-30 min of exposure the solutions contained “K. 
At the end of that time axoplasm from the central 20 mm of the axon was extruded. 
Temperature 18° C. 


The effect of anoxia on Na efflux 


The effect of anoxia on sodiym efflux was examined in two experiments. After injecting 
**Na the fibre was placed in a stoppered glass vessel containing artificial sea water through 
which air or nitrogen was bubbled. The sea water round the fibre could be removed through 
glass taps for counting or replenished without admitting air. 

The first experiment which was carried out with 10 mm-K in the external solution con- 
firmed Shanes & Berman (1955) in showing that anoxia reduced the efflux of sodium into 
a solution containing the normal amount of K. The efflux was reduced to 30-40%, but as 
there is likely to be some variation between axons little weight should be attached to a 
single observation. 

The second experiment, which was carried out in a K-free solution, gave a result very 
similar to that obtained with 0-2 mm DNP at pH 8 (Fig. 3). Thus the sodium efflux, which 
was first reduced by removing K in aerated sea water, rose when oxygen was replaced by 
nitrogen and remained at a relatively high value until air was again admitted. The observa- 
tion that the effect of nitrogen resembles that of 0-2 mm DNP at pH 8, rather than that of 
0-2 mm DNP at pH 6-7 or 2 mM-CN, suggests either that the method of removing oxygen 
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was inadequate or that 2 mm-CN may block an anaerobic pathway as well as the oxidative 
system of the axon. According to Lohmann (1936) octopus muscle has only a feeble glyco- 
lytic system but there is no information about the extent to which cephalopod nerve can 
obtain energy by glycolysis. Further experiments on the effects of anoxia and of different 
concentrations of _—* are plainly needed. 


The effect on Na efflux of replacing external Na by Li 

The object of these experiments was to see whether there was any 
evidence that the K-insensitive component of the sodium efflux might 
consist of an exchange of sodium across the membrane. It had been shown 


In 2 mM-CN 


10 mM-K, 460mmM-Na 
| @ Omm-K, Omm-Na 


0 1 2 3 a 5 
Hours 


Fig. 5. The effect of applying 2mm-CN when the external medium contained 
neither K nor Na. Li was used as the substitute for Na. Axon diameter 834 yp. 
Temperature 20° C. 


: 


Fraction of Na lost per minute 


‘previously that the Na efflux from unpoisoned Sepia fibres is increased by 
‘Teplacing external Na with choline or by replacing NaCl with dextrose 
(Hodgkin & Keynes, 1955). Squid fibres behave in the same way and 
replacement of Na with Li causes about the same increase as replacement 
with choline. In these respects the behaviour of cephalopod axons differs 
from frog muscle, in which replacement of Na with Li or choline normally 
causes a marked reduction of Na efflux (Keynes & Swan, 1959). The 
increase in efflux on removing Na is not understood, but seems inconsistent 
with there being much exchange diffusion in the normal fibre. However, 
in the poisoned or partially poisoned fibre, or in one which has been 
partially restored with ATP, complete removal of Na either has little 
effect or causes a drop in Na efflux. After an ATP injection the Na efflux 
into a K-free solution was reduced to 0-6 by replacing Na with Li. On the 
other hand, after an injection of arginine phosphate, at a time when the 
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Na efflux should have been K-sensitive, removal of external Na increased 
the Na efflux by about 10%. 

Figure 5 provides further evidence that the initial effect of cyanide may 
be to increase exchange diffusion: The experiment was similar to that in 
Fig. 1 except that it was carried out in a lithium solution which was free 
from both Na and K. In contrast to Fig. 1, in which external Na was 


present, there was no transient rise on applying cyanide and the sodium 


efflux fell to the fully poisoned level without passing through a maximum. 


In order to obtain more information about the possibility of exchange diffusion, the relation 
between external sodium concentration and Na efflux was investigated in an axon poisoned 
with 0-2 mm DNP at pH 8. Although the result was not inconsistent with there being some 
exchange diffusion it did not fit into any simple picture. In normal fibres removal of Na 
caused the Na efflux to increase along an S-shaped curve. After poisoning with 0-2 mm DNP 
at pH 8 reducing Na to half caused the Na efflux into a K-free solution to fall to 0-6. 
However, further reductions of Na caused a rise similar to that seen in normal fibres. Very 
little can be said about this result until the effect of 0-2 mm DNP at pH 8 on Na influx has 
been investigated. 


DISCUSSION 


Although the analysis of the mechanism of ion transport is still in- 
complete, the experiments:do seem to fit rather well with the idea that 
_ arginine phosphate is needed for the normal operation of the mechanism 
which extrudes Na and absorbs K in giant axons. If this conclusion is 
correct it raises two distinct questions. In the first place one would like 
_to know whether arginine phosphate is directly concerned in handing on 
phosphate-bond energy to the membrane or whether, as seems more 
probable, it influences the transport mechanism by maintaining a high 
ATP:ADP ratio near the membrane. This point was discussed briefly in 
the previous paper and can reasonably be left until there is more informa- 
tion about the concentrations of ATP and ADP under different conditions. 
The other question which will be asked is whether the present set of experi- 
ments provide any clues as to the nature of the ionic transport mechanism 
in the membrane. In one model of cation transport (see Glynn, 1957), it 
is assumed that K and Na are carried through the membrane by the 
complexes KX and NaY. X and Y are carriers which can only move 
easily through the membrane when combined with ions. It is also assumed 
that metabolism converts X to Y on the ‘inside’ of the membrane and 
that the converse reaction takes place on the ‘outside’ of the membrane. 
Some of our results can be explained by supposing that the conversion of 
potassium carriers to sodium carriers on the ‘inside’ (X— Y) requires 
ATP and that the converse reaction on the ‘outside’ is driven by arginine 
phosphate or by something derived from it (for example, a lipoid-soluble 
intermediate). In the normal fibre removal of external K. blocks the out- 
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ward movement of Na because the carriers pile up in the potassium form 
(X) on the outside of the membrane and are unable to move inwards in 
the absence of external K. Mild inhibition of metabolism, which removes 


arginine phosphate but not ATP, stops the conversion of sodium carriers to 


potassium carriers on the ‘outside’ and allows a sodium exchange to 
proceed. This exchange is not affected by removing K from the external 


_ medium. More powerful inhibition, which removes ATP as well as arginine 


phosphate, stops sodium carriers being formed, with the result that the 


_ sodium efflux falls to a low value. On this view injection of ATP promotes 
- mainly a sodium exchange, whereas injection of enough arginine phosphate 
_ to give ATP and a surplus of arginine phosphate enables both reactions 


to proceed and restores the normal coupling between Na exit and K entry. 
There are some obvious difficulties with the idea and it is not hard to 


suggest other schemes which fit the facts reasonably well. Thus there 


might be two competing mechanisms for extruding Na, one coupled with 


_K influx and requiring a high ATP: ADP ratio, the other uncoupled and 
_ operating at a lower ATP:ADP ratio. Cation transport is still very far 


from being understood, but it seems possible that further investigation 


_of the action of high energy phosphate compounds may throw light not 


only on the link with metabolism but also on events in = membrane 
itself. 


SUMMARY 
1. Application of 2 mm-CN, or 0-2 mm DNP at pH 6-7, toa scoala giant 


_ @xon caused a transient rise in the efflux of Na into a K-free solution, which | 
* probably coincided with the period when the axon contained ATP but not 


arginine phosphate. 

2. Application of 0-2 mm DNP at pH 8, in which arginine phosphate 
breaks down but ATP is retained, caused a sustained rise in the efflux of 
Na into a K-free solution and little change in the efflux into 10 mm-K. 
Under these conditions an injection of arginine phosphate temporarily 
restored K sensitivity by reducing the Na efflux into a K-free solution. 

3. 0-2 mm DNP at pH 8 reduced K influx to about half. 

4. The general conclusion from these and earlier results is that the normal 
coupling between K influx and Na efflux depends on the presence of 


arginine phosphate. 
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PAPER ELECTROPHORESIS OF THYROXINE IN 
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__ When thyroxine, in the absence of serum, is submitted to electrophoresis 
on filter paper in barbiturate buffer at pH 8-6, all the thyroxine remains 


_ at the origin. If, however, the electrophoresis is carried out on filter paper 


that has been soaked in phenylalanine, or if phenylalanine is added to the 
paper with the thyroxine, the thyroxine moves towards the anode at a 


_ speed between that of the «,- and «,-globulins of human serum (Myant & 


Osorio, 1960). The term ‘phenylalanine effect’ was suggested for this 
action of phenylalanine, and for that of any other substance that exerts 
the same effect on the electrophoretic mobility of thyroxine on paper. The 
cause of the phenylalanine effect is unknown. We suggested, however, 
that it might be due to blocking of thyroxine-binding sites on the filter 
‘paper, which normally prevent thyroxine from moving towards the 


anode. 


It has recently been shown (Ingbar, 1958) that when radioactive 
thyroxine, in the presence of human serum, is submitted to paper electro- 


phoresis in tris-maleate buffer at pH 8-6, most of the activity is distributed 


between two peaks, one at the inter-alpha zone and the other in front of 
the albumin band (pre-albumin zone). Our observations with barbiturate 


buffer raised the question as to whether the phenylalanine effect also 
occurs in the presence of tris-maleate buffer and,.if so, how far it could 


account for Ingbar’s observations. We have therefore studied the effect of 
phenylalanine on the electrophoretic mobility of thyroxine in tris-maleate 


_ buffer at different hydrogen-ion concentrations with and without human 


serum. Observations were also made on the partition of thyroxine between 
the inter-alpha and pre-albumin zones at different concentrations of 
thyroxine. In an attempt to explain why thyroxine does not move to the 
pre-albumin zone in the presence of serum in barbiturate buffer, observa- 


_tions were made on the movement of thyroxine on paper electrophoresis 


in two dimensions. 
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METHODS 

Paper electrophoresis was carried out at room temperature by methods already described 
(Myant & Osorio, 1960). The tris (2-amino-2-hydroxymethylpropane-1:3 diol) buffer was 
made by mixing solution A (equal volumes of 0-4 tris and 0-4m maleic acid) and solution B 
(0-2n-NaOH) in the following volumes (ml.), and diluting to 11. with water: pH 7-6, 
300 of A +333 of B; pH 8-6, 250 of A +405 of B; pH 9-2, 233 of A+ 425 of B. The pH was 
checked with a pH-meter at room temperature and, if necessary, brought to the exact 
value by addition of the acid or alkaline component. The borate buffers were prepared as 
already described (Myant, 1957), the volume of 0-2N-NaOH being adjusted to give the 
required pH. The method used for proteolytic digestion of serum has been described else- 
where (Myant & Osorio, 1960). In the experiments on the effect of thyroxine concentration 
upon the distribution of thyroxine in serum, the amount of thyroxine carried at each of the 
three zones was estimated from the proportion of the total radioactivity at each peak, and 
the concentration of added thyroxine in the serum. The endogenous thyroxine already 
present in the serum was ignored in the calculations. The radioactive L-thyroxine, of specific 
activity 30 wc/ug, was obtained from Abbott Laboratories Pacific Ltd., Chicago. Radio- 
activity on the paper strips was measured with a continuously recording scanner. The 
positions of the radioactive spots after two-dimensional electrophoresis were found by 
making autoradiographs with Ilford X-ray film. 


RESULTS 
Effect of pH on mobility of thyroxine in the presence of serum or phenylalanine 

In each experiment two strips of filter paper were submitted to electro- 
phoresis in parallel. Radioactive thyroxine in human serum (1 yg/100 ml. 
serum) was put on one of the papers; the other was soaked in a solution 
of phenylalanine (1 mg/ml.) and received radioactive thyroxine dissolved 
in the buffer (1 »g/100 ml.). 

At pH 8-6 the bands of protein, shown by staining ie paper, were 
similar in position to those observed after electrophoresis in barbiturate 
buffer at pH 8-6. No staining was visible anywhere in front of the albumin 
band. On the paper to which thyroxine had been added in serum the 
radioactivity was distributed in three peaks, one in the inter-alpha zone, 
one in the albumin and one in the pre-albumin zone (Fig. la). At this 
concentration of added thyroxine the inter-alpha zone always carried the 
highest proportion of the total activity on the paper, the proportion at 
each of the three peaks averaging 56, 8 and 34% respectively. On the 
phenylalanine-treated paper with thyroxine alone all the activity moved 
as a single peak to a position corresponding to the inter-alpha zone (Fig. 1b). 

When the pH of the buffer was changed from 8-6 to 7:6 or 9-2, the 
distribution of thyroxine was altered, both on the phenylalanine-treated 
paper in the absence of serum, and in the presence of serum. At pH 7:6, 
on the paper to which thyroxine had been added in human serum, 90% 
of the activity was present at the inter-alpha zone; the peak at the pre- 
albumin zone was either absent or only just detectable (Fig. 2a). On the 
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Fig. 1. Distribution of radioactivity along paper strip after electrophoresis in 
tris-maleate buffer at pH 8-6. a, radioactive thyroxine in human serum (1 pg/ 
100 ml.) run on normal paper; b, radioactive thyroxine in buffer (1 yg/100 ml.) run 
on paper soaked in phenylalanine. The two strips of paper were run side by side 
in the same box. Arrow shows line of application of sample. Solid blocks shov posi- 
tions of protein bands (A = albumin). Note: the amount of radioactivity added to 
the paper in a was greater than in b. 


(a) 


_N@ 


Distance towards anode (cm) 
> 
T 


pH 76 8-6 9-2 
Fig. 2. Diagram to represent, paper strips, showing effect of pH of tris-maleate 
buffer on distribution of thyroxine submitted to electrophoresis with serum on 
untreated paper and without serum on paper soaked in phenylalanine. The strip 
on the left of each pair was untreated and received radioactive thyroxine in serum 
(1 ~g/100 ml.); that on the right was soaked in phenylalanine and received 
radioactive thyroxine in the buffer (1 ug/100 ml.). Shaded areas show positions 
of protein bands; solid circles show positions of peaks of radioactivity, the 
proportion of the total activity at each peak being shown roughly by the area of the 
circle. Vertical scale, distance towards anode from line of application of sample; 
horizontal scale, pH. 
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phenylalanine-treated paper all the activity remained within a few milli- 

metres of the line of application of the sample. 
At pH 9-2, the activity on the paper that had received the thyroxine 
in human serum was distributed in the same three peaks as at pH 8-6, 
but there was an increase in the amount of activity in the pre-albumin 
zone at the expense of that in the inter-alpha zone. At the concentration 
of added thyroxine used in these experiments (1 »g/100 ml.), an average 
of 40% of the total activity was in the inter-alpha zone, 9°, was in the 
albumin band and 48 % in the pre-albumin zone. On the phenylalanine- 
treated paper with thyroxine alone all the activity was present as a single 
peak at, or just in front of, a position corresponding to the «,-globulin 
(Fig. 2c). 


Relation between concentration of thyroxine and 
— its electrophoretic distribution in serum 


If the concentration of added thyroxine is increased from 1 to 500 yg/ 
100 ml., there is a change in the partition of thyroxine between the inter- 
alpha, albumin and pre-albumin zones, the changes depending to some 
extent on the pH of the buffer. Figure 3 shows the amount of thyroxine 
carried in each of the three zones at different concentrations of thyroxine, 
as estimated from the distribution of radioactive thyroxine in serum 
submitted to paper electrophoresis. 

_ When the pH of the buffer was 8-6, the inter-alpha zone acquired the 
highest proportion of the total thyroxine at the lowest concentrations. 
As the concentration was raised, however, the amount in the inter-alpha 
zone reached a maximum value corresponding to 20-30 yg/100 ml. serum, 
while that in the other two zones continued to increase to much higher | 
values. When the total thyroxine concentration was 50 ug/100 ml., or 
higher, the pre-albumin zone always carried more than the inter-alpha 
zone. The amount in the pre-albumin zone rose to a maximum corre- 
sponding to 200-230 yg/100 ml. serum. The amount in the albumin zone 
increased slowly at first, but rose more steeply as the pre-albumin zone 
approached saturation, and eventually exceeded that in either of the other 
two zones. 

At pH 9-2 the inter-alpha zone acquired a smaller iitcntiei of the 
total thyroxine at low concentrations than was the case at pH 8-6. As 
the concentration was raised, however, the distribution of thyroxine at 
pH 9-2 became indistinguishable from that at pH 8-6. At both pH’s the 
inter-alpha zone was saturated at a total thyroxine concentration of 20- 
30 »g/100 ml. and the pre-albumin zone at 200-230 yg/100 ml. 

When the electrophoresis was carried out at pH 7:6, all the thyroxine 
was divided between albumin and the inter-alpha zone at all concentrations 
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Fig. 3. Relation between concentration of added radioactive thyroxine in serum 
and amount of thyroxine carried at the inter-alpha (circles), albumin (triangles) 
and pre-albumin (squares) zones after electrophoresis in tris-maleate buffer at 
pH 9-2 (open symbols) and 8-6 (filled symbols), Crosses (+) show amount of 
thyroxine carried in inter-alpha zone in tris-maleate at pH 7-6. Each value 
averaged from several observations on different samples of serum from the 
same normal adult human being. The endogenous thyroxine in the serum (about 
5 wg/100 ml.) has been ignored in all calculations. 
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from 1 to 500 y»g/100 ml., none moving in the pre-albumin zone at any 
concentration tested. The amount carried in the inter-alpha zone increased 
throughout the whole of this range, reaching a value of about 60 g/100 mi. 
when the concentration of added thyroxine was 500 yg/100 ml. 


Electrophoretic distribution of endogenous thyroxine 

A single observation was made on the distribution of endogenous thy- 
roxine in the serum of a thyrotoxic patient. A sample of blood was taken 
from the patient 4 days after she had been given a dose of 7 me of 1°"1, 
and the serum was submitted to paper electrophoresis in tris-maleate 
buffer at pH 8-6. The distribution of radioactivity was similar to that in 
serum to which radioactive thyroxine had been added at a concentration 
of 1 »g/100 ml., the proportions of the total activity at the inter-alpha, 
albumin and pre-albumin zones averaging 57, 6 and 35% respectively. 
It was possible to demonstrate that nearly all the activity on the paper 
was due to radioactive thyroxine, by showing that 90% of the activity 
at each of the three peaks was removed by washing the paper with ethanol. 


Electrophoretic distribution of thyroxine in borate buffer 
Since the electrophoretic behaviour of thyroxine in tris-maleate buffer 
differs so markedly from that in barbiturate buffer, it was of some interest 
to see how thyroxine behaves in the presence of another buffer. Accordingly, 
all the experiments described up to this point were repeated with borate 


buffer. All the results obtained were similar to those obtained with tris- 
maleate buffer. 


The distribution of thyroxine in the presence of serum, and when tested: 


by itself on phenylalanine-treated paper, was the same in borate as in 
tris-maleate buffer at pH 7-6, 8-6 and 9-2; so, also, was the effect of raising 
the concentration of thyroxine on the partition of thyroxine between the 


inter-alpha, albumin and pre-albumin zones. Finally, the distribution of | 
endogenous thyroxine in serum tested in borate buffer at pH 8-6 did not — 


differ significantly from that observed in tris-maleate at pH 8-6. 


Movement of thyroxine to the pre-albumin zone 
during electrophoresis in two dimensi 


The failure of any thyroxine to move ahead of the albumin in tris- 


maleate at pH 7-6 or in barbiturate at pH 8-6 calls for some explanation. 
One possibility is that under these conditions the binding substance, 
presumed to be responsible for carrying thyroxine to the pre-albumin 
zone, moves ahead of the albumin, but is unable to bind thyroxine. In 


order to test this possibility paper electrophoresis of thyroxine in serum 
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was carried out in two dimensions, first in barbiturate, and then in tris- 
maleate at pH 8-6. 

A sample of serum, without any added thyroxine, was put on to a strip 
of filter paper and submitted to electrophoresis in barbiturate buffer at 
pH 8-6. The paper was then removed and cut longitudinally into two 
pieces. One piece was dried and stained to show the positions of the protein 
bands. The other was then gently pressed down along the cathodal edge 
of a square sheet of filter paper prepared for electrophoresis in tris-maleate 
buffer at pH 8-6, and already in position in the box. About 50 pl. of a 
solution of radioactive thyroxine in tris-maleate buffer at pH 8-6 was put 
on the square sheet of paper along a line 1 cm in front of the edge of the 
strip of paper used in the first d'mension, and extending along the whole 
of its length. Electrophoresis was then carried out for 18 hr. The distribu- 
tion of radioactivity, as shown on an autoradiograph made from the dried 
paper (Fig. 4), showed that the thyroxine placed opposite the pre-albumin 
zone in the first dimension was carried towards the anode in the second 
dimension. The same result as that shown in Fig. 4 was obtained when 

tris-maleate at pH 7-6 was used in the first dimension, in place of barbiturate 
at pH 8-6. 

Movement of thyroxine at the pre-albumin zone could be detcnstested 
in the second dimension only if the experiment was done in the way 
described above. If the radioactive thyroxine was put on the strip of 
paper used in the first dimension, instead of 1 cm in front of it on the 
second paper, none of the activity in the pre-albumin zone moved towards 
the anode during electrophoresis in tris-maleate buffer at pH 8-6. Presum- 
ably the buffer in the paper strip used for the first dimension prevented the 
binding substance in the pre-albumin zone from binding thyroxine; 
binding could only occur in conditions in which the binding substance 
first came into contact with the thyroxine in the presence of the tris- 
maleate buffer used for the second dimension. 


Effect of proteolytic enzymes on the electrophoretic distribution 
of thyroxine in serum 


In an earlier paper (Myant & Osorio, 1960) it was shown that when 
thyroxine is submitted to paper electrophoresis in the presence of a pro- 
teolytic digest of serum in barbiturate buffer, at pH 8-6 all the thyroxine 
moves to the inter-alpha zone, whereas at pH 7:6 it remains at the line 
of application. These experiments were repeated, with tris-maleate instead 
of barbiturate buffer. For each experiment two papers were run in parallel, 
one with radioactive thyroxine dissolved in normal serum (1 y»g/100 ml.), 
anc the other with radioactive thyroxine dissolved at the same concentra- 
tion in serum that had been digested with papain. 
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At pH 8-6 the radioactivity in the proteolytic digest moved as a single 
peak to a position corresponding to the inter-alpha zone, there being no 
detectable activity in the pre-albumin zone. At pH 7-6 all the radioactive 
sj thyroxine added to the paper in the digested serum remained at the line 
of application of the sample; most of the radioactivity on the paper with 
normal serum moved as a single peak to the inter-alpha zone, as has 
already been shown in Fig. 2a. 


Second dimension 


Fig. 4. Autoradiograph of two-dimensional paper electrophoresis of radioactive 
thyroxine in serum (10 »g/100 ml.). First dimension in barbiturate buffer at pH 8-6; 
second dimension in tris-maleate buffer at pH 8-6. Shaded area shows position 
of strip used for first dimension (line of application of serum shown by arrow), after 
being placed on square sheet of paper at start of run in second dimension. Radio- 
active thyroxine solution (50 ul.) was applied approximately along the horizontal 
dotted line for run in second dimension. Areas enclosed by dotted lines show 
positions of protein spots at end of run in second dimension, letters indicating serum 
protein fractions (A = albumin). Black spots show positions of radioactivity. 
Movement of radioactivity in pre-albumin zone shown by broad arrow-shaped 
area of blackening to right of albumin spot. 


DISCUSSION 


The observations described in this paper show that the phenylalanine 
effect occurs in tris-maleate buffer, as well as in barbiturate. It cannot, 
however, account for the electrophoretic mobility of thyroxine in human 
serum, as observed in tris-maleate. In the first place, phenylalanine does 
not cause thyroxine by itself to move to the pre-albumin zone at pH 8-6 
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or 9:2, although at both pH’s some thyroxine moves to the pre-albumin 
gone in the presence of serum (Fig. 2). Secondly, if thyroxine is submitted 
to paper electrophoresis on phenylalanine-treated paper at pH 7:6, it 
remains at or near the origin, whereas at this pH it moves in the inter- 
alpha zone in the presence of human serum. Our observations are, 
therefore, consistent with the view, now generally held, that when thy- 
-toxine moves towards the anode on paper electrophoresis in the presence 
of serum, it does so because it is bound to a specific substance in the serum 
whose electrophoretic mobility determines that of the thyroxine. Although 
there is no proof for this hypothesis, no other satisfactory explanation 
has been put forward to account for the fact that there is a limit to the 
amount of thyroxine that can move in the inter-alpha and pre-albumin 
zones, and for the purpose of this Discussion we shall assume the hypothesis 
to be true. | 

The electrophoretic distribution of thyroxine in serum in tris-maleate 
at pH 8-6 and 9-2 raises the possibility, first suggested by Ingbar (1958), 
’ that there are two specific thyroxine-binding substances in human serum. 
It has been suggested (Tata, 1960) that there is only one binding substance 
—the one responsible for carrying thyroxine to the inter-alpha zone in 
barbiturate—and that in the presence of tris-maleate at pH 8-6 this 
splits into two fractions, one remaining in the inter-alpha zone and the 
other moving to the pre-albumin zone. A similar explanation might also 
be put forward to account for the difference between the behaviour of 
thyroxine in tris-maleate at pH 8-6 and at pH 7-6 (Fig. 2). The binding 
capacity at the inter-alpha zone is higher in barbiturate than in tris- 
‘maleate at pH 8-6 (compare Robbins (1956) with Fig. 3), and this certainly — 
suggests that the buffer influences the relative amounts of binding substance 
in the two zones. However, this cannot be the whole explanation of the 
failure of thyroxine to move in the pre-albumin zone in barbiturate, since 
the inter-alpha zone in barbiturate always carries less thyroxine than is 
carried in the two zones together in tris-maleate at pH 8-6. A comparison 
between the results of Robbins (1956) and those of Fig. 3 shows, for 
Instance, that when the total thyroxine concentration is 100 ~g/100 ml., 

in barbiturate the inter-alpha zone carries 35 ug/100 ml. whereas in tris- 
_ Mhaleate at pH 8-6 the inter-alpha and pre-albumin zones together carry 
more than 80 pg/ml. 

Electrophoresis in two dimensions shows that a binding substance does 
move to the pre-albumin zone in barbiturate and in tris-maleate at pH 7-6, 
although it is unable to adsorb thyroxine in these conditions. This is best 
explained by supposing that there are, in fact, two binding substances in 
human serum with different electrophoretic mobilities, one of which moves _ 
to the pre-albumin zone (pre-albumin binding substance) and is prevented 
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from binding thyroxine under certain conditions. The existence of two 
different binding substances would also explain why extracting serum 
with alcohol suppresses thyroxine-binding in the inter-alpha zone, but 
not in the pre-albumin zone (Osorio & Myant, unpublished observations). 
This hypothesis does not explain the high binding capacity at the inter- 
alpha zone in barbiturate and in tris-maleate at pH 7:6. As was suggested 
by Robbins (1956), part of the albumin fraction may, in some conditions, 
move in the inter-alpha zone. Alternatively, the binding capacity of the 
inter-alpha substance itself may be increased in barbiturate and in tris- 
maleate at pH 7-6. 

When serum has been digested with proteolytic enzymes it no longer 
enables thyroxine to move in the pre-albumin zone during paper electro- 
phoresis in tris-maleate at pH 8-6. This suggests that the pre-albumin 
binding substance is a protein. If so, its concentration in the serum must 
be very low, since protein at a concentration of 6 mg/100 ml. was detectable 
with the dye used for staining the paper, yet no staining was ever seen in 
front of the albumin band. | 

We have drawn attention elsewhere (Myant & Osorio, 1960) to the 
difficulty of correlating observations on the electrophoretic distribution 
_ of thyroxine in serum, if the observations are made by different methods. 
Rich & Bearn (1958) have shown that when thyroxine is submitted to 
electrophoresis in starch gel in the presence of serum, it moves in a zone 
ahead of the albumin. However, the substance responsible for this effect 
cannot be assumed to be the pre-albumin binding substance observed on 
paper electrophoresis in tris-maleate. On the contrary, Tata (1960) has 
suggested that the binding substance observed by Rich & Bearn is the 
same as that which carries thyroxine to the inter-alpha zone during paper 
electrophoresis. 

It has generally been assumed that the substance that carries thyroxine 
to the inter-alpha zone on paper electrophoresis in barbiturate at pH 8-6 
also binds most of the thyroxine circulating in the blood under physio- 
logical conditions (see, for instance, Robbins & Rall, 1957), though the 
evidence for this has always been indirect. Since it now appears that there 
are two specific binding substances in serum, this assumption must be 
re-examined. At pH 8-6 and 9-2 the pre-albumin substance has a binding 
capacity of more than 200 yg of thyroxine/100 ml. of serum, as shown by 
the maximum value approached at the highest concentrations tested 
(Fig. 3). This is about ten times the capacity of the inter-alpha substance. 
The binding affinity of the inter-alpha substance, however, must be at 
least ten times that of the pre-albumin substance. This is shown by the 
fact that with endogenous thyroxine, and at the lowest concentrations 
of added thyroxine, when the amount bound by each substance is 
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proportional to the product of its affinity and its capacity (Myant & 
Osorio, 1959), the thyroxine is shared about equally between the two sub- 
stances. 

Unfortunately, the conditions necessary for adequate separation of the 
serum proteins by paper electrophoresis are not physiological; nor is it 
easy to deduce how thyroxine is distributed between the different protein 
fractions in vivo, by extrapolation from observations in vitro. As the pH 


of the tris-maleate buffer is reduced from 9-2 to 8-6, there is a slight in- 


crease in the proportion of the thyroxine carried in the inter-alpha zone 
at low concentrations, but no change in the binding capacity at either the 
inter-alpha or the pre-albumin zone (Fig. 3). This suggests that a change 
in the pH towards the physiological level increases the binding affinity of 
the inter-alpha substance relative to that of the pre-albumin. The findings 
with tris-maleate at pH 7-6 are consistent with this, although some other 
effect, as discussed above, must be assumed in order to account for the 
high capacity at the inter-alpha zone at this pH. 

The effect of pH might suggest that the pre-albumin substance plays 
little part in the transport of thyroid hormone in vivo and that the distribu- 
tion of thyroxine observed by paper electrophoresis in barbiturate buffer 
is closer to the physiological than that observed in tris-maleate at pH 8-6. 


On the other hand, it may be relevant that at pH 8-6 the pre-albumin 


substance binds nearly half the thyroxine in serum in three different 
buffers—ammonium carbonate (Beierwaltes & Robbins, 1959), tris- 
maleate and borate. Until something is known about the mechanism by 


which the pH and composition of the buffer influence the behaviour of 


thyroxine-binding substances in serum, it would be unwise to draw any 
conclusions as to which results most closely reflect the oe of 
thyroxine in vivo. | 


SUMMARY 


. In tris-maleate buffer the electrophoretic mobility of sicnsictea 
Secs on phenylalanine-treated paper differs from that of thyroxine in 


_ human serum, at pH 8-6 and at pH 7-6. It is concluded that the distribu- 


tion of thyroxine in serum, as observed by paper electrophoresis, is not 
due to the serum exerting an action analogous to that of phenylalanine. 
It is more likely that it is determined by the presence of thyroxine-binding 
substances in the serum. | 

2. During paper electrophoresis in barbiturate or in tris-maleate at 
pH 7-6 no thyroxine moves ahead of the albumin, although in both con- 
ditions a binding substance may be demonstrated in the pre-albumin zone 


_ by electrophoresis in a second dimension. 


3. If the pH of tris-maleate buffer is reduced from 9-2 to 8-6, there is 
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an increase in the binding-affinity of the inter-alpha substance relative to 
that of the binding substance moving in the pre-albumin zone. The 
binding of thyroxine by the serum proteins in physiological conditions is 
discussed in relation to this finding. 

4. When thyroxine is submitted to paper electrophoresis in the presence 
of papain-treated serum, it no longer moves in the pre-albumin zone in 
tris-maleate at pH 8-6. This is consistent with the view that the binding 
substance responsible for carrying thyroxine in the pre-albumin zone is a 
protein. | 


We are indebted to Dr D. J. R. Laurence for discussion. One of us (C.O.) was in receipt 
of a Research Fellowship from The Wellcome Trust. 
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A model heart with independent control of strength and frequency 
of beat and duration of systole. By L. E. Baytiss. en 
of Physiology, University College London 


A low-capacitance, low-output impedance, stimulus coupler. 
By G. D. Dawson, J. R. Prrman and D. R. Witxie. Department of 
Physiology, University College London, and the M.R.C. Neurological 
Research Unit, The National Hospital, Queen Square, London 


The stimulus output unit to be demonstrated is controlled by light, 
which allows its capacity to earth to be reduced to the minimum set by 
its dimensions. Also, since none of the power in the stimulus is transmitted 
through the controlling link; it can have a low output impedance (in this 
unit, less than 1250 Q during the pulse) and considerable power can be 
delivered to the tissue being stimulated; ¢.g. when stimulating a nerve 
_ through the skin in man. In this respect it may have a considerable 
advantage over the radio-frequency links previously described (see Donald- 
son, 1958). Including the batteries to provide the output power, the unit . 
occupies a cube of about 5 cm side and has a ‘free space’ capacity of 
8-5 pF, including output leads 30 cm long. If it is surrounded by a cubical 
_ earthed screen with a side of 10 cm, the capacity to earth is increased to 
16-5 pF. The amplitude of the stimulating pulse is controlled in the 
output unit, and it has a maximum of 60 V with a rise time of 5 psec. 
The duration of the stimulus is controlled by the duration of the light 
pulse shone on the output unit. 

The light pulse to trigger the unit is Set hee from a small tubular 
type 60 V neon lamp (Radio Spares). This is driven by a pulse generator so 
that during a stimulus a maximum current of 5 mA is passed through it, 
while between stimuli the current is maintained at a minimum of 0-25 mA, 
to avoid delay in striking. The light from. the neon lamp is conducted 
along a Perspex light guide 10 cm long, to a germanium photocell in the 
output unit. High amplification after the photocell makes small variations 

of the light output of the neon relatively unimportant ; a light varying 
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sinusoidally will switch the output transistor fully on and off and give a 
rectangular output. The light guide also excludes light from other sources 
which would otherwise trigger the stimulator. To prevent the cut-off 
current through the output transistor (20 »A) affecting the preparation, 
the output is resistance-capacity coupled. The capacitor is sufficiently 
large to pass a 1 msec rectangular pulse to a 1 kQ load with a sag of not 
more than 10%. If the minimum current in the output is not important 
this RC coupling may be omitted and the output pulse will then remain 
rectangular for a period limited only by the capacity of the battery B2. 


Light! p 
T, | 470K3T. T, 
| 7: 5) Prt 
25 uF | 

> > | 

$22K 347K 470 K3 


Fig. 1. Circuit of light-controlled stimulator. The input photocell P is a Standard 
Telephones and Cables type P50A. Amplifying transistors 7, to 7',, Newmarket 
type V 6/4R. Output transistor 7’, is a silicon p-n-p type with a low cut-off current, 
Mullard OC 203. R, the output voltage control, is a wire-wound potentiometer 
of 5kQ. The amplifier power supply, B,, is two Mallory cells, type RM625R, in 
series giving 2-7 V. The output power supply, B,, consists of two 22-5 V batteries, 
Batrymax type B122, and one 15 V battery, Batrymax type B121, in series. 


The diode from the collector of the output transistor 7’, to the base of 7’, 
limits the current which 7', can pass into the base of 7’; under conditions 
in which the potential difference between the emitter and collector of 7', 
is very low. Such a heavy current in the base circuit of 7’, could damage it 
and in addition causes serious carrier storage effects. These slow down 
greatly the rate at which the output transistor can be switched off at the 
end of the trigger pulse. 

The capacity to earth of this output unit is some 10 times less than that 
of a good quality pulse transformer designed to pass a rectangular pulse 
lasting 1 msec. This should simplify an assessment of the part played 
in the production of stimulus artifacts by capacitative leakage. If only 
small stimulating currents are required, from a high impedance source, 
a vacuum photocell and battery may be used without further complication. 
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The action of ether on the discharges of spindle motor fibres. 
By K. Drete-Spirr and J. E. Pascon. Department of Physiology, 
University College London 


_ Bisection of isolated glomeruli. By W. F. Coox. of 
Biophysics, University College London 


A theory to account for the absence of boutons in silver pre- 
parations of the cerebral cortex, based on a study of axon 
terminals by light and electron microscopy. By B. B. Boycorr, 
E. G. Gray and R. W. Guimuery. Departments of Zoology and 
Anatomy, University College London 


One of the great obstacles to the study of synaptic connexions in the 
neocortex has been the virtual absence of classical boutons in silver 
preparations. The classical rings and bulbs of the spinal cord and brain 
stem cannot be observed in the cortex, so that there the boutons have 
been considered too small to be resolved by light microscopy, or their 
» presence has been denied. _ 

On the other hand, in the lizard brain large argyrophilic rings are 
conspicuous in the hippocampus and dorsal cochlear grey. These rings 
vary from 2 to 4 in diameter and are closely associated with dense 
clumps of mitochondria. The same regions have also been examined by 
electron microscopy with osmium fixation, alcoholic phosphotungstic 
acid staining and araldite embedding. For comparison the visual cortex 
of the rat has been examined by the same method (see Gray, 1959). 

The electron micrographs of the lizard’s brain show large endings, up to 
4-5. in diameter, containing numerous mitochondria and synaptic vesicles. 
Occasionally these endings (Fig. 1) show a bundle of neurofilaments (each 
filament 50-100A thick) lying in the form of a ring (2-4, in diameter). 
~ These rings appear sectioned in all planes and, when sectioned radially, 
» two groups of dots appear at opposite poles of the profile of the ending. 
Each ring is composed of 10-50 or more filaments. Sometimes, when the 
non-myelinated axon is seen continuous with the ending, a tail of filaments 
extends into the axon from the ring. The post-synaptic component with 
the thickened contact regions sometimes appears in the plane of section. 
Size, shape, location and the relation to mitochondria suggest that these 
rings correspond with those seen under the light microscope after silver 
staining. Neurofilaments impregnated or encrusted with silver have been 
thought to correspond to the neurofibrils of light microscopy (see Palay & 
Palade, 1955). 

Electron micrographs of the neocortex show numerous endings, and 
since the majority exceed 0-5, in diameter they are within the limits of 
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resolution of the light microscope. These cortical boutons contain many 
synaptic vesicles and mitochondria, but no neurofilaments (either in the 
form of rings or otherwise). Even in the pre-terminal non-myelinated 
axons neurofilaments are uncommon. 


Fig. 1. A nerve ending of the dorsal cochlear grey of the lizard. The 
thickening of the synaptic membranes does not appear in the plane of section. 


Work in progress with light and electron microscopy on boutons of other 
regions has shown similar rings in the rat ventral horn. On the present 
interpretation, that the neurofilaments of electron microscopy form the 
basis for the argyrophilic classical boutons, one would expect to find neuro- 
filaments wherever there are boutons. Further, it should prove possible 
to correlate the distribution of the filaments with the morphology of the 
boutons. This would support the theory that the neurofilaments of electron 
microscopy correspond with the argyrophilic neurofibrillae of light 
microscopy. It would also suggest that since the endings of the neocortex 
contain no neurofilaments they are never likely to be detected by neuro- 
fibrillar techniques. Further, it appears probable that rings are valid 
criteria for nerve endings, but since nerve endings do not always contain 
neurofilaments the neurofibrillar techniques are seldom likely to reveal 
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the total content of endings in a given region of the nervous system (see 
also Armstrong, Richardson & Young, 1956). 
Aided by a DSIR grant. 
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A method for locating the cholinesterase of a mammalian 
myoneural junction by electron microscopy. By R. I. Brxs* 
and Lucy M. Brown. Departments of Biophysics and Physiology, 
University College London 

Histochemical studies of cholinesterase activity at myoneural junctions 
have shown that the enzyme is probably located in narrow bands about 
lu apart on the muscle surface beneath the nerve ending (Couteaux & 

Taxi, 1952). Lehrer & Ornstein (1959), using a diazo-coupling method for 

the electron microscope, have confirmed the suggestion that the enzyme 

is located in the infoldings of the post-synaptic membrane. 


Fig. 1. Whole mount of myoneural junction incubated in 
the silver medium at pH 6-5 for 30 min. 


We have used a modification of Koelle’s method (Koelle & Friedenwald, 
1949). Guinea-pig serratus anterior was fixed for 30 min at 0°C in 1% 
buffered osmium tetroxide. Small blocks containing myoneural junctions 
were dissected from the thin borders of the muscle and incubated for 
5-60 min at 40°C in a medium containing 20mm acetate buffer and 
- 4mm acetyl thiocholine. In the Koelle medium 4 mm-CuSO, and 20 mm 
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Fig. 2. Low-power electron micrographs of 0-1 » sections. A. Incubation as in Fig. 1; 
1: extra-synaptic site; 2: synaptic deposition of stain. B. Incubation with 
addition of 10-°m eserine. ECS, Extracellular space; F, post-synaptic fold; 
NT, nerve terminal; NV, nucleus; SC, Schwann cell; SPC, sole plate cytoplasm. 
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glycine provided copper for combination with the enzymically liberated 
thiocholine. The blocks were dehydrated and embedded in araldite. 

When tissues incubated in Koelle’s medium at pH 6 were examined in 
the electron microscope, needle-shaped crystals of copper thiocholine 
sulphate up to 1, in length could be seen in the junctional area. There 
was considerable local damage, probably caused by thiocholine, since it’ 
did not occur when 10-5 eserine was present. The damage was diminished 
at pH 4:5 or when glycine was omitted and the copper concentration 
reduced to 0-5 mM, but it was sufficient to prevent accurate localization. 

Substitution of 0-5 mm silver sulphate for the copper and glycine 
eliminated the local damage and led to the deposition of a black amorphous 
precipitate in well-defined areas of the junction (Figs. 1 and 2A). The 
localization was independent of pH in the range 4-5-6-5 and no selective 
staining occurred in the presence of eserine, although a granular — 
was randomly distributed throughout the tissue (Fig. 2B). 

‘Two sites of selective staining were observed. There was a dense deposit 
at a site 1-2, wide on the outer diffuse layer of the muscle membrane 
complex (cf. Robertson, 1960) bordering the junctional region and ex- 
tending into the superficial parts of the folds not covered by nerve ending. 
In the region under the nerve terminal some areas of the unit membrane, 
_ but not of the outer diffuse layer, showed heightened contrast. The stain 
appeared to be confined mainly to the superficial parts of the folded post- 
synaptic membrane. The sites of dense staining are thought to indicate 
membrane areas of intense cholinesterase activity. Other areas of slight 

staining occurred, but it was not possible to define these sites accurately. 
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A simple method of indicating the phase of respiration on the 
Y2 beam of the Cossor oscilloscope (1049). By G. Reap. 
Department of Physiology, University College London 


Granulation tissue resorption and wound contraction. By D. W. 
James and J. F. Newcomss. Department of Anatomy, University 

College London 
The scar resulting from the healing of a large excised skin wound is 
considerably smaller in area than was the original wound, since in the 
early stages of repair the intact skin surrounding the deficit is drawn 
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inwards by the contraction of the granulation tissue within the wound 
(e.g. Abercrombie, Flint & James, 1956). This process is known as wound 
contraction. The present experiments were designed to investigate changes 
in the composition of granulation tissue associated with the wound con- 
traction it mediates. 

Twenty rabbits were wounded bilaterally by excision of 2 x 2 cm squares 
of thoracic wall skin. Wounds were splinted with Perspex frames glued to 
the surrounding skin to impede contraction. On the 10th post-operative 
day 1 x 1 cm squares were tattooed on the granulation tissue. These areas 
were excised for analysis on the 10th or 12th day with splints in situ, or — 
on the 12th day when rapid and extensive contraction had been induced by 
splint removal on the 10th. 

No absolute differences in wet weight, collagen, or non-collagen nitrogen 
contents of equivalent areas from splinted wounds at 10 and 12 days were 
detected, but such areas from wounds contracting freely between the 10th 
and 12th days weighed less, and contained less collagen and non-collagen 
nitrogen. Contraction was accompanied by increase per unit area in the 
parameters measured, but no differences were detected between them in 

the three treatment groups when expressed in terms of unit wet weight. 

Thus absolute resorption of material, including collagen, occurred 
between 10 and 12 days only if free contraction was permitted, but there 
were no detectable changes in tissue composition (as judged by the indices 
measured) associated with this resorption. Quantitative histological 
measurements of comparable material again suggest stability of com- 
position, since contraction does not apparently affect the number of cells 
per unit volume, although it is accompanied by an absolute reduction in 
cell population. | 

The observed material loss is a consequence of contraction and not its 
cause (Abercrombie, James & Newcombe, 1960). Simple material with- 
drawal would not explain the increased weight per unit area (i.e. thickness) 
associated with the area reduction of contraction. 

It seems likely from these experiments that the changing morphology 
of granulation tissue during contraction triggers its own catabolism. 
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A method for mixing fluids within a microcalorimeter. By E. W. 
_ CiaRKE. Department of Physiology, The Queen’s University of Belfast 

The measurement of the heat resulting from the mixing of two solutions 
must take into account the heat produced mechanically by the mixing 
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process. To find a way of keeping this mechanical heat both small and 
reproducible became the main problem in some recent experiments to 
measure the heat of mixing of various dilute isotonic solutions. The method 
to be described was found to be by far the most satisfactory of several that 
were tried. | 


Silicone fluid 
ich rome wire 


Polythene mixer 


A. 


Silicone fluid 


| } Polythene partition 


Fig. 1 


The reaction cell used in the microcalorimeter (see Clarke & Rothschild, 
1957) is represented in Fig. 1. It consists of a glass tube of approximately 
2-5 ml. capacity having a ground glass stopper. The stopper and its long 
stem (25cm) are made from a 2mm bore capillary tubing. The inner 
surface of the reaction cell is rendered water-repellent by treatment with 
a silicone. After placing one of the test solutions in the cell its surface is 
covered by a disk of polythene film cut slightly smaller than the internal 
diameter of the cell. The fluid surface remaining exposed between the 
disk and walls of the cell is then sealed with a little silicone fluid (viscosity 
1000 centistokes). The second solution is carefully added above the parti- 
tion so formed and the stopper inserted. Another polythene disk is used 


Adhesive tape 
Thread 
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to break the seal and mix the cell contents. It is supported on a piece of 
0-2 mm diameter nichrome wire which passes up the capillary. When the 
seal has been broken the two disks remain together during the two or three 
vertical movements required to bring about complete mixing. For precise 
measurements a stop is used to prevent the stirrer striking the top or 
bottom of the cell, and may be made by placing some cellulose adhesive 
tape round the upper end of the wire and joining this to the top of the 
stem with an appropriate length of sewing thread. With this arrangement 
the total amount of heat produced by breaking the seal and mixing the 
contents is in the order of 0-2 millicalories. The volume of the upper solu- 
tion may be accurately defined by sealing the bottom end of the capillary 
with some low-viscosity silicone fluid introduced through a fine tube. 


The volume of the first solution and the partition are found from their 


densities and weights in the cell. The volume of the cell is measured with 
the capillary sealed, and the above volumes, plus the small calculated 
volume of the mixer, are subtracted from it to give the volume of the 
upper solution. 
REFERENCE 
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Acetylcholine, 5-hydroxytryptamine and a new kinin in hornet 
venom. By K. D. Buoora, J. D. and M. ScHacurTer. 
Department of Physiology, University College London 


Effect of serum kallikrein and bradykinin on capillary perme- 
ability. By K. D. Buooua, J. D. Carte and M. 
Department of Physiology, University College London 


Changes in excitability of primary receptor units in the pad of 
the cat with varying patterns of mechanical stimulation. 
By CuristTIneE J. Armett, J. A. B. Gray and R. PUNSERRGEE. 
Department of Physiology, University College London 


Methods for the examination of nucleoprotein structures with 
the electron microscope. By H. E. Huxney and G. Zusay. 
Department of Biophysics, University College London, and M.R.C. 
Biophysics Research Unit, King’s College, London, W.C. 2 and 
Department of Biophysics, University College London | 

During the last few years, electron microscopy has been applied very 
successfully in. the study of a large number of biological structures— 
nerves, muscles, mitochondria, secretory cells, motor end-plates, for 
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example—but the results have been somewhat disappointing in the case 
of structures in which nucleic acids play a major part—chromosomes, 
viruses and microsomal particles. It appeared likely that conventional 
methods of fixation and staining, originally developed for structures 
consisting largely of protein, might require modification in these other 


cases. 


With this end in mind, we hers used oriented samples of. ninsbectulehostes 
from calf thymus as a test substance. We have examined thin sections of 
embedded material fixed and stained in different ways to try to find out 
_ which procedures gave a product in which the orientation was preserved 
and in which fine structure, compatible with the known physico-chemical 
and X-ray diffraction data, was visible. 

We found that provided calcium was present in the buffered osmic acia 
fixative, and that araldite was used as the embedding medium, very 
satisfactory preservation of orientation and fine structure was obtained. 
_ We further found that uranyl] acetate appeared to act as an intense and 

strongly preferential stain for nucleic acids, a result we were able to confirm 
by direct chemical measurements and by a comparison of adjacent 
sections of whole thymus tissue, stained with uranyl acetate for the 
electron microscope, and by the Feulgen procedure for the light micro- 
scope. 

The demonstration illustrates these results and also shows the 
appearance of microsomal particles and some of the small viruses stained 
in the same way. The latter cases are also compared with results 
obtained by the negative staining method (in which the outline of the 
particle as a whole is shown up); there is strong evidence for the existence 
of a protein shell in the case of the viruses, but not in the case of the 

microsomal particles. 


Simultaneous recording of activity and rate of chirping in the 
young chick. By Eveanor Zarmis. Department of Pharmacology, 
Royal Free Hospital School of Medicine, London, W.C. 1 


Young chicks (3—10 days old) have been found very useful for the study 
of the central actions of various drugs. For example, from the responses 
obtained one can easily differentiate between lysergic acid diethylamide 
and mescaline, between the amphetamines and other central nervous- 
system stimulant drugs, between sympathomimetic amines producing 
central inhibition and those producing central stimulation. Of the various 
responses which such drugs produce alterations in the rate of chirping and 
in general motor activity can be recorded in the following manner. 


» 
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The chick is placed in a wooden box covered with a sliding Perspex lid 
and lined with acoustic tiles which reduce the pick-up of external noise. 
Inside the box there are (a) a crystal microphone built into a recess of one 
wall, and (b) a false floor fixed at its centre to the diaphragm of a modified 
telephone earpiece. The movements of the false floor are damped by strips 
of rubber bands stretched between it and the floor of the box. The output 
from the microphone is amplified, filtered and shaped, and the.shaped 
pulses are passed into a low-frequency rate-meter (Kitchen, 1959). The 
output of the rate-meter and that of the floor transducer are fed directly 
on to the galvanometers of an ultra-violet recorder (Type 1050, New 
Electronic Products). The voltage output of the rate-meter is proportionate 
to the frequency of the chirping of the chick and that of the earpiece gives 
an approximate indication of its activity. stn outputs are recorded 
simultaneously on paper. 

The apparatus was designed and built by Mr P. Inglis-Smith and the purchase of the 


Ultra-Violet Recorder was greatly assisted by a grant from the National Research Develop- 
ment Corporation. 
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Acetylcholine contractures of denervated skeletal muscle in 
isotonic potassium sulphate. By D. H. Jenkinson and J. G. 
NICHOLLS*. Hepartments of Biophysics and Physiology, University 
College London 


Smooth muscle can contract in response to acetylcholine even after it 
has been depolarized by immersion in isotonic potassium sulphate (Evans, 
Schild & Thesleff, 1958). Mammalian skeletal muscle acquires this property 
after denervation; to demonstrate this, strips of rat diaphragm, dener- 
vated 8-21 days previously ®are mounted for isometric recording at room 
temperature. Immersion in potassium sulphate produces a transient con- 
tracture. Provided that the bathing fluid contains calcium, acetylcholine 
(10-*-10~-° g/ml.) will now cause tension development (up to 25% of 
the maximum response to acetylcholine in the polarized muscle). The 
amplitude of the response in the depolarized muscle is dependent on the 
calcium concentration and on temperature. The effect can be abolished 
reversibly by tubocurarine (3x 10-* g/ml.) and is potentiated by pro- 
stigmine (2 x 10-7 g/ml.). 

This tension development does not appear to be associated with changes 
in membrane potential. There are, however, large increases in membrane 
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permeability (Axelsson & Thesleff, 1959; Klaus, Kuschinsky, Liillmann & 
Muscholl, 1959) which can be observed by measuring the fluxes of labelled 
sodium and potassium ions. 
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Sensory terminations in the muscle spindle of the frog. By 
B. Katz. Department of Biophysics, University College London 


According to Cajal (1888) and Dogiel (1890) the terminal branches of 
the sensory axon in the muscle. spindle of the frog consist of very fine 
‘varicose filaments’ which run along the encapsulated portion of the 
intrafusal muscle fibres. These terminal branches and their contacts with 
the muscle fibres have been studied further with the electron microscope. 
In longitudinal section, the ‘varicose nerve filaments’ appear as chains 
of ‘microspindles’ whose bulbous expansions contain numerous small 
_ mitochondria and may reach up to 2 or 3y in diameter. They taper off 
longitudinally into cylindrical connecting tubes of as little as 0-l5yu 
diameter. The surface of the intrafusal muscle fibres has cup-like depressions 
in which many of the sensory nerve bulbs are seated in close contact with 
the muscle surface. There is a gap between the two cells, about 150 A 
wide, but this is bridged here and there by very fine filaments or short 
processes of one cell closely approaching or touching the other. Suppose 
that, during stretch, the concavities of the muscle surface become shallower 
and thereby tend to separate from the convex surface of the nerve. The 
mechanical stimulus would then be applied to the axon membrane through 
points of adhesion or of intimate contact between the two cell surfaces. 

In most intrafusal muscle fibres the region of sensory contacts extends 
over a length of several hundred microns. This region can be divided into 
two types of morphologically quite distinct zones: (a) at either end of the 
region, there is a ‘compact’ zone about 200-300 1 long (in ‘slack’ muscle), 
in which the muscle fibre retains much the same cross-sectional area and 
number of myofilaments as is found in the extracapsular region; (b) a 
‘reticular’ zone in the eentre, about 50-100, long, in which the fibre loses 
some 85 % of its content of myofilaments and divides into multiple fins and 
branches held together by slender membrane connexions. The interstices 
between the splayed-out parts of the muscle fibre are filled with a dense 
network of fine connective-tissue filaments (approx. 50 A thick). This 
extracellular network is a continuation, and local replacement, of the 
ordinary sarcolemmal ‘basement membrane’. The regions of termination 
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of myofilaments, and of attachment of the supporting extracellular net 
at the fibre surface are marked by unusually dense patches of the cell 
membrane. The special features of the reticular zone are of twofold interest : 
(i) the extracellular network presumably gives the fibre the necessary 
elastic support, preventing it from being damaged during intrafusal con- 
traction; (ii) the presence of this network and the virtual absence of a 
system of sliding myofilaments indicate that the local mechanical im- 
pedance to stretch differs from that of the compact zones: it probably 
offers less viscous and more elastic resistance. Hence, the ‘dynamic’ or 
‘velocity component’ of the afferent response may originate mainly from 
nerve contacts within the reticular zone, and the ‘static’ or ‘displacement’ 
response from the compact zones. 

Finally, an unusual, periodic, structure is found within the sensory 
portion of intrafusal muscle fibres. It consists of a longitudinal ‘ladder’ 
whose rungs are made of dense disks, 0-2—0-8y wide and repeating at 
approx. 1500 A intervals. This structure appears to be relatively inexten- 
sible, its characteristic period varying much less with muscle length than 
the average length of the sarcomeres. 
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Frog’s spinal cord potentials generated by impulses in cutaneous 
afferent fibres. By Marta C. Bravo and A. FERNANDEZ DE MOLINA. 


Departamento de Biofisica, Centro de Investigaciones Biologicas, 
CSLC., Madrid, Spain 


The potential changes generated in the VIII and IX segments of the 
cords of decerebrated and spinal frogs, resulting from stimulation of 
cutaneous nerves, have been recorded through an extracellular capillary 
electrode by the usual method (Coombs, Curtis & Landgren, 1956; 
Fernandez De Molina & Gray, 1957). 

By graded strengthening of stimulation there appeared progressively 
three phases of potential changes following the initial afferent primary 
spike. The first phase appeared at threshold stimulation for cutaneous 
fibres ; it reached its peak 1-8 msec after the negative peak of the incoming 
volley and had a total duration of 12-14 msec. Its amplitude was maximum 
at 1:5 threshold, being reduced to a half at frequencies of 20/sec. Its 
afferents are the largest from the skin, conten a conduction velocity of 
25-28 m/sec. 


The second phase developed at 1-5-2 times threshold; it reached its 
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peak at 1-8 msec after the negative peak of a second component of the 
afferent volley. Its total duration could not be determined with accuracy 
because it became obscured by the third phase. At 5 times threshold its 
amplitude was maximum, being reduced by repetitive stimulation in the 
same way as the first phase. The second spike, which had a conduction 
velocity of 18-20 m/sec, appeared in the action potential recorded from 
the dorsal root as this second phase developed. 

The third phase reached its peak 20-25 msec after the incoming volley 
and had a decaying time of 250 msec. It developed almost parallel to the 
second phase but reached its maximum at higher strengths of stimulation. 
Frequencies of 12—15/min were enough to suppress it. The second com- 
ponent (Dun, 1944) of the dorsal root potential appeared at the same time 
“as the third phase and was suppressed by the same frequency of stimulation. 

When recording at various depths along tracks in a dorsoventral direc- 
tion the three phases of potential had their maxima at different levels in the 
dorsal region of the cord. More ventrally two positive waves could be seen 
and sometimes a complex negative wave was superimposed on the positive 
ones. The incoming volley could only be seen in the dorsal half of the cord. 

It may be assumed that the first and second phases are due to post- 
synaptic activity in second order neurones; the third phase would re- 
present activity in neurones of a higher order. | 
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An inhibition of growth and testicular development by reserpine. 
By P. Hagen. Department of Biochemistry, University of Manitoba, 
Winnipeg 3, Canada 


One weekly injection of reserpine 1,2or4 SNe begun at 1 month of 
age, retarded the growth and sexual development of male chickens. The 
weekly increases in weight of the birds receiving reserpine were only 
between 50 and 60 % of those of control birds. Whereas at 3 months of age 
both combs and wattles of the control birds were well developed, the combs 
and wattles of the male chickens receiving reserpine resembled those of 
female birds. At autopsy at 14 weeks of age, the weights of the testes of 
the treated animals were only about 5 % of those of the untreated chickens. 
Apparently reserpine either prevents the secretion of gonadotrophic 
hormone by the pituitary gland or inhibits the action of gonadotrophic 
hormone on the testis. It is also possible that it inhibits the secretion of 
pituitary growth hormone. 
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The reduction in the distensibility of the capacity vessels in the 
forearm during hyperventilation. By D. Lytrix. Department of 
Physiology, The Queen’s University of Belfast 


Pressure—volume relationships of the capacity vessels of the human fore- 
arm were studied using pressures within the normal physiological range. 
Volume changes were recorded plethysmographically. A cuff on the upper 
arm was inflated to 50 mm Hg for about 4 min; the cuff pressure was then 
quickly reduced to 40 mm Hg for 15 sec and subsequently down to zero by 
5 mm steps each lasting for 15 sec. After 15 sec the volume at any step 
level remained almost unchanged for the next 4 min if the cuff pressure 
was maintained for this period. This ‘step-down’ technique was found to 
give results similar to those obtained by the ‘step-up’ method of Eckstein, 
Hamilton & McCammond (1958), but has the advantage that the measure- 
ments occupy less time. The change in volume, in ml./100 ml. tissue, when 
the cuff pressure was reduced from 25 to 10 mm Hg was selected as an 
index of distensibility. A mean decrease of 12°% in this index of disten- 
sibility was found in sixteen subjects during over-ventilation of air or 
4°%, CO,, and when breathing 9°% CO,; the respiratory minute volumes 
were similar in the three cases. In an attempt to cause pressure distur- 
bances within the thorax of the same order as those occurring in over- 
ventilation, but without an increase in tidal air, the subjects were made 
to breathe with resistance to air flow; this failed to bring about any 
significant change in distensibility. It is concluded that the reduction of 
distensibility of the capacity vessels observed during over-ventilation is 
not due to changes in the tension of CO, in the blood, and probably not 
to cyclical changes of pressure within the thorax. The possibility remains 
that it is initiated by stretch receptors in the lungs. 
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Further. studies of the dissociation between action potentials 
and the contractile mechanism in smooth muscle. By J. 
_ AxELsson. Department of Pharmacology, University of Oxford 


Previously it has been shown that spontaneously occurring action 
potentials in the smooth muscle of the guinea-pig’s taenia coli fail to 
produce tension when the sodium ion is substituted by lithium or by 
choline (Axelsson & Biilbring, 1959) 

During prolonged exposure to this abnormal ionic environment the 
spontaneous activity becomes gradually slower and eventually stops. 
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Nevertheless, for a period, the cells may still be electrically excitable and 
capable of conducting spikes. These produce no tension. Thus the previous 
results have been confirmed on electrically stimulated preparations. 
_ Recently, hydrazine has been described as a substitute for Na by 
_ Koketsu & Nishi (1959). They found that striated muscle maintained its 
excitability in sodium-free hydrazine solution. In smooth muscle hy- 
_ drazine, like lithium and choline, produces a dissociation between action 
potentials and tension response, which progressively declines while spon- 
taneous spikes are still recorded. However, spontaneous activity stops 
after 10-30 min. Then there is a period, not longer than 1} hr, while the 
preparation still responds to electrical stimulation by conducted action 
potentials. The subsequent state of inexcitability or block of conduction 
is always reversed on re-introducing Na. These experiments suggest that 
smooth muscle only maintains its excitability in absolutely sodium-free 
medium for a limited time. | 

Dr H. R. Ing kindly prepared for us another substitute for NaCl, 
_ lithium-ethane sulphonate. It had been shown (Axelsson & Biilbring, 
1959) that substitution of the Cl by using sodium-ethane sulphonate did 
not affect the tension response. In the presence of lithium-ethane 
sulphonate (substituting both Na and Cl) the muscle was found to maintain 
excitability and was able to conduct spikes for about 1 hr, but the tension 
response was abolished. : 

The experimental results are in favour of the hypothesis that in smooth 
muscle Na* as well as Ca?+ plays an essential part in the activation of the 
contractile mechanism by an action potential. 
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Vasomotor reactions in the human forearm and hand during 
leg exercise. By D. A. Buair, W. E. Giover and I. C. Roppin. 
Department of Physiology, The Queen’s University of Belfast 


During leg exercise on a bicycle ergometer, blood flow in the hands and 
_ forearms of recumbent subjects was measured by venous occlusion plethys- 
mography. In three highly practised subjects, when movement artifact 
was largely eliminated and emotional disturbance was minimal, exercise 
usually resulted in a small decrease in forearm flow and a moderate rise 
in arterial pressure. When vasoconstrictor fibres in the forearm were 
blocked by bretylium tosylate (Blair, Glover, Kidd & Roddie, 1959) or 
when the deep nerves to the forearm were blocked, exercise caused an 
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increase in flow which could be explained by the associated increase in 
arterial pressure. It was concluded that vasoconstrictor tone in the fore- 
arm is normally increased during exercise (Harpuder, Lowenthal & Blatt, 
1957; Muth, Wormald, Bishop & Donald, 1958). Forearm blood flow did 
not increase during exercise when only the cutaneous nerves were blocked, 
indicating that the increase in vasoconstrictor tone was ocourring in 
muscle. 
During fairly severe exercise the blood flow in the forearm in which the 
cutaneous nerves had been blocked fell to a lower level than that in the 
control forearm. This result showed that reflex vasodilatation normally 
occurs in the skin during severe exercise and is due to an active vasodilator 
mechanism. Reflex vasodilatation also occurred in the hand during fairly 
severe exercise and was preceded by a transient vasoconstriction. Both 
the dilatation and constriction were mainly due to alterations in vaso- 
constrictor tone, since they were reduced after intra-arterial administration 
of bretylium tosylate to the hand. It is likely that the increase in heat 
production during severe exercise was responsible for the reflex vasodila- 
tation in skin. 

It has been postulated that cholinergic vasodilator fibres to muscle 
vessels may be activated during the early stages of exercise (Uvnis, 1954). 
In the present experiments on highly trained subjects the fall in forearm 
blood flow was not greater in an atropinized forearm than in a control 
forearm. However, in subjects unaccustomed to the procedure, mild 
exercise often caused a slight increase in forearm blood flow and this 
Increase was sometimes reduced by atropine. These findings suggested 
that vasodilator fibres to muscle may be excited during exercise, perhaps 
as a consequence of emotional stress (Blair, Glover, Greenfield & Roddie, 
1959), but that their activation is not an integral pat sad the general 
vasomotor response to exercise. 
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Cutaneous thermoreceptors with non-myelinated afferent fibres. 
By H. Hansen, A. Iaco* and Inermp Wirt. Physiological Institute, 
University of Marburg (Lahn), Germany 


Thermoreceptors in the skin of the cat were examined by recording 
electrical activity in strands dissected from the saphenous nerve. The 
thermal stimuli were provided by thermodes controlled to +0-02°C 
placed on the surface of the skin, from which the hair had been removed 
with strontium sulphide. Some receptors were excited by heating and 
others by cooling the skin and all were relatively insensitive to mechanical 
stimulation as compared with the C mechanoreceptors and the A fibres. 
The conduction velocities in the afferent fibres of some of the thermo- 
receptors were measured, and ranged from 0-8 to 1-5 m/sec. 

Some of the receptors were sensitive to very small changes in cutaneous 
temperature in the physiological range. The receptors excited by warming 
the skin responded with a phasic burst of impulses when the thermode 
temperature was raised by as little as 0-5°'C in the range 32-37°C. At 
thermode temperatures above 37° C the discharge persisted and was maxi- 
mal about 42° C. The receptors excited by cooling had a steady discharge 
of impulses up to skin temperatures of 30-32° C, with maxima at 20-25° C. 
Sudden cooling by as little as 0-2° C was sufficient to raise the discharge, 
e.g. in one fibre the rate of firing changed from 2 to 4 impulses/sec. The 
dynamic sensitivity of these receptors was as great as that of both the 
cold receptors of the cat’s tongue and temperature sense in man. | 

Other receptors excited by heating the skin were less sensitive to 
thermal stimuli in the physiological range. These receptors, which corre- 
spond to the heat receptors described by Iggo (1959), required greater 
thermal changes before they were excited. : 
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The effect of stimulating the sympathetic nerves to the heart 
on the relationship between ventricular end diastolic pressure 
and the changes in length of a segment of ventricular myo- 
cardium. By R. J. Lryprn,} J. H. Mitcuery and 8. J. SARNOFF. 
Laboratory of Cardiovascular Physiology, National Heart Institute, 
Bethesda, Maryland, U.S.A. 


In the anaesthetized dog with the heart rate controlled, stimulation of 
the left stellate ganglion caused an increased left ventricular stroke work 
* On leave from Physiology Department, University of Edinburgh, with a travel grant 


from the ‘Deutsche Forsch haft’. ; 
' Present address: Department of Physiology Medical School, University of Leeds. 
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(stroke volume x mean aortic pressure) from a lower ventricular end dia- 
stolic pressure. It was not known whether this increased stroke work 
resulted solely from an increased contractility of the ventricle or in part 
from an increased extensibility of the ventricular myocardium, i.e. whether 
there was a change in relationship between end-diastolic pressure and 
‘fibre’ length. 

To investigate this problem an instrument was designed to record the 
changes in distance between two points in the ventricular myocardium. 
It consists of two light lever arms, each of which is attached at one end, 
by means of a small freely moving hinge, to the rotating shaft of a micro- 
torque potentiometer. The other end of each lever is thrust into the 
myocardium. The outputs of the potentiometers are connected so that 
the algebraic difference between the two angles of rotation is obtained. 
Each potentiometer shaft rotates only when the motion of the intramyo- 
cardial part of the lever has a component along a line parallel to the line 
joining the centres of the two hinges. Thus the record obtained gives an 
index of the changes in distance between the two points in the myocardium. 
The records were only examined quantitatively during periods of the 
heart. cycle when there was almost an equilibrium state between pressure 
and segment length; such as exists at the end of the period of diastasis. 

Stimulation of the left stellate ganglion, freed so that only the nerves 
to the heart were intact, caused a shortening of the observed segment of 
the myocardium at the end of diastole as well as an increase in left ven- 
tricular stroke work and a decrease in ventricular end-diastolic pressure. The 
relationship between ventricular pressure and myocardial segment length 
at the end of diastasis was investigated over a range of ventricular diastolic 
pressures by repeated infusion and bleeding. It was found that there was no 
change in this relationship when the left stellate ganglion was stimulated. 

Thus it may be inferred that no change in extensibility of the ventricular 
muscle results from stimulating the sympathetic nerves to the heart. So 
that at a given ventricular end-diastolic pressure, the increased stroke 
work produced by stimulation occurs from the same end-diastolic fibre 
length and is a result solely of an increased contractility of the ventricle. 


The absence of the blood-brain barrier from special areas of the 
brain. By B. B. Bropm, E. O. Tirus and C. W. M. Wuson*. | 
Laboratory of Chemical Pharmacology, National Heart Institute. 
Bethesda, Maryland, U.S.A. 

The uptake by the pituitary of basic dyes, inorganic ions and thyroxine 

from the blood has been described (Wislocki & King, 1936; Bakay, 1952; 


* Present address: Department of Pharmacology and General Therapeutics, University 
of Liverpool, 
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Ford & Grass, 1958), and the uptake of dyes and **P into the area postrema 
and intercolumnar tubercle has also been reported (Davson, 1956). It 
seemed possible that the blood—brain barrier in each of these special regions 
might be absent, or at least less effective than elsewhere in the brain, not 
only for inorganic ions but also for organic compounds. 

The penetration of sulphaguanidine and N-acetyl 4-amino-antipyrine 
(N-AAP) into these regions has been compared with their penetration 
into muscle, liver and other parts of the brain in the cat after intravenous 
injection. Measurements of the penetration of the compounds into the 
tissues were made at times when the differences between their concen- 
trations in the brain, and in plasma, muscle or liver were large. These times 
depended upon the rates of passage of the compounds through the blood— 
brain barrier and are functions of their lipoid solubility (Mayer, Maickel & 
Brodie, 1959). Their relative concentrations in the different areas are . 
shown in Table 1. | 

The absorption of the compounds from the blood into the pituitary and 
area postrema was as great as their absorption into liver and muscle. The 
intercolumnar tubercle absorbed significantly greater quantities than the 
cortex, but the uptake by the hypothalamus resembled that by the 
cortex. Both lobes of the pituitary absorbed N-AAP to about the same 
extent. 


TABLE | 


Tissue: plasma ratio _ 


Sulphaguanidine © N-AAP 


Liver 0-97 1-14 
Muscle 0-81 0-99 
Pituitary 1-04 0-84 
Area postrema 1-20 0-96 
Intercolumnar tubercle 0-43 0-71 
Cortex 0-16 0-33 
sHypothalamus — 0-32 
Time after injection (min) 255 25 


These experiments confirm the earlier observations that both lobes of 
the pituitary, the area postrema and the intercolumnar tubercle, differ 
from other parts of the brain in their power of absorbing compounds from 
the blood. N-AAP is not bound to the cellular constituents but is evenly 
distributed throughout the body water. The rapid entry of N-AAP into 
these tissues therefore is not due to a special affinity for the tissue cells, 
but is due to the complete absence of the barrier which.separates blood 
from brain. As a result these areas can take up organic compounds from 
the blood as readily as can liver and muscle. It is concluded that these 
areas lie’ outside the blood—brain barrier which encloses other parts of the 
orain. 
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The post-excitatory recovery process in frog skin mechano- 
receptors. By W. T. Carron. Department of Physiology, King’s 
College, University of Durham, Newcastle wpon Tyne 1 


Brief mechanical or electrical stimuli were applied to the isolated calf 
skin of the frog by means of a sharp pin attached to a Rochelle salt crystal. 
The action potentials in single sensory fibres evoked by the stimulation of 
mechanoreceptor endings were recorded in the skin nerve branch. Pairs 
of stimuli were applied with a stimulus interval ranging from 2 to 2000 msec. 
Recovery curves were plotted by measuring the change in threshold for 
a test pulse which followed a conditioning pulse at varying intervals. With 
subliminal mechanical (M) or electrical (Z) conditioning pulses the threshold 
rise was slight and lasted not more than 20 msec. After a supraliminal 
M or E stimulus the recovery was more prolonged, extending to about 
2000 msec and divisible into three phases: (a) an absolute refractory period : 
of 3-5 msec; (b) a rapid phase of recovery (5-15 msec); and (c) a slow phase 
_ (extending to 2000 msec). It was difficult to distinguish the recovery 
curve following an # stimulus from that following an M stimulus to the 
same receptor. A careful study of many results suggested that recovery 
was slightly more rapid in the early phase after an HZ conditioning stimulus, 
and that the relative delay shown in recovery from an M stimulus might 
be related to the time course of mechanical recovery of the skin surface, 
which was short (not more than 10 msec). Those endings propagating 
the largest spike responses were found to show slower recovery than 
endings propagating small spikes, and the rise of threshold with repetitive 
stimulation was greater. Some functional correlations with spike ampli- 
tude have been described previously for this preparation (Catton, 1958). 
Recovery curves were greatly influenced however by the following factors: 
(i) change of temperature; (ii) previous repetitive stimulation; (iii) age of 
_ the preparation ; and (iv) increase in strength and/or duration of condition- 
ing stimulus. A rise of temperature caused more rapid recovery; all the 
other factors caused delay. Tentative conclusions are as follows. The brief 
refractory period-and prolonged recovery phase following a supraliminal 
stimulus applied to a mechanoreceptor ending are associated with the 
initiation of an impulse, since a subliminal stimulus produces only a slight 
rise of threshold of short duration (cf. Lindblom, 1958). This prolonged 
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recovery is a special feature of the ending itself, since the refractory phase 
associated with an impulse propagated in a myelinated axon is brief. 
The state of mechanical deformation of the skin has only a small effect 
on the excitability of a mechanoreceptor, which is limited to the early 
ane of recovery. 
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Changes of motor reflexes produced bytenotomy. By Grrta VRBOVA. 
Neurophysiological Institute, University of Copenhagen, Denmark.* 


- Modification and co-ordination of motor reflexes have so far been studied 

mainly in acute experiments, and little is known of the effect of chronic 
changes of sensory input on the function of the central nervous system. 
Sperry (1945) concluded that a pattern of movement, once established, is 
_ never changed by alteration of the sensory input. Later (Sperry, 1947), 
he found that such modification of motor reflexes can occur in the monkey. 
Some results of previous experiments on conditioned motor reflexes 
(Vrbové & Gutmann, 1956; Gutmann & Vrbova, 1959) suggested that 
in rabbits, rats and cats the sensory input associated with the performance 
of a movement is important for the maintenance of motor reflexes. The 
results of the present investigation provide direct evidence that motor 
reflexes are modified in such mammals by chronic changes of sensory - 
input. 

In the present experiments, which were performed on rabbits, the 
sensory input from the hind limb was altered by cutting all the tendons 
round the ankle joint, thus preventing any active movement. As an 
indicator of activity action potentials were recorded before and at regular 
intervals after tenotomy in the tibialis anterior muscle at rest and during 
reflexly elicited activity. A flexor reflex was elicited by pinching the skin 
of the foot, and postural reflexes by lifting the animal free of the ground 
or by tilting it in a specially constructed box. Up to 2 weeks after operation 
all the reflex responses in the tenotomized muscle were normal. During 
the third week the reflex responses began to decrease. They progressively 
diminished, and by the sixth post-operative week were practically abolished 
in all animals. The disappearance of these reflexes did not seem to be due 
to changes in the peripheral nerves, neuromuscular junction or muscle 
fibres since there was no change in the e.m.g. on stimulation of the peroneal _ 
nerve. Moreover, when the flexor reflex was tested in the same animal 
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under anaesthesia the response of the tenotomized muscles was un- 
diminished. In some experiments there was even evidence of reflex 
facilitation, in that the latent period of the reflex was decreased. Such 
-facilitation has also been reported by Beranek & Hnik (1959) for mono- 
synaptic reflexes in cats. 

Thus spinal and postural reflexes are inhibited when the animal is 
conscious, whereas in the same animal under anaesthesia spinal reflexes 
seem to be, if anything, enhanced. It therefore appears that the inhibitory 
influence is exerted by supraspinal structures. 
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Visual acuity, threshold flux and eye movements. By F. H. C. 

_ Marriott and M. H. Prrenne. University Laboratory of Physiology, 

Oxford 

The smallest. flux of white light detectable by the dark-adapted fovea 
is about 2-5 x 10-12 photopic lumen (range 10-!* to 4x 10-1). This value 
is based on the review by Stiles, Bennett & Green (1937) and on the 
average effective area of the expanded pupil (Le Grand, 1957). It may be 
compared with the light flux received by the eye from the illuminated gap 
of a black Landolt C which can just be resolved at a given field luminance 
by a subject maintaining central vision. Shlaer’s (1937) measurements 


show that it is only at acuity about 2 that this flux begins markedly to 


exceed the foveal threshold flux. For his subject A.M.C. the fluxes for 


various gap sizes were: 10’ of arc, 1-2x10-'* photopic lumen; 1:1’, | 


0-7 x 10-1"; 0-87’, 0-8 x 10-12; 0-56’, 3 x 10712; 0-51', 7 x 10-12; 0-40’, 400 x 
10-*; the final acuity plateau corresponded to 0-38’ of arc. 

A similar state of affairs exists for scotopic acuity and the smallest flux 
detectable by the dark-adapted periphery (Pirenne, Marriott & O’Doherty, 
1957). Thus over most of the acuity range, up to a value of about 1/0-56 
which is reached at a retinal illumination of 115 trolands (about 107 times 
the absolute threshold for a large field), the flux received by the eye from 
the gap of the just resolvable C is of the same order as the absolute threshold 
flux, under conditions of dark adaptation, for the retinal region being 
used. (Implications of this have been discussed by Pirenne, 1957, 1958.) 

Within this wide range of acuities and luminances, therefore, eye move- 
ments the extent of which is small compared with the gap, or the thickness, 
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of a just resolvable black Landolt C must be unable to stimulate on and 
off retinal units lying along the edges of the C—unless these units can 
respond to changes in light flux smaller than the smallest flux detectable 
by the relevant retinal region. (Published studies on eye movements do 
not seem to provide evidence that eye tremors small compared with the 
dimensions of the smallest detail resolvable at the luminance being used 
can restore vision of the object once it has faded as a result of stabilization 
of the retinal image). | 

This work was supported by research grant B-1810 (C1) from the Institute for Neuro- 


logical Diseases and Blindness, United States Public Health Service. One of us (F.H.C.M.) 
is the recipient of a Medical Research Council personal grant. 
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The effect of low temperature upon the recovery of frog sartorius 
muscle from potassium depolarization. By D. W. Grirve. 
Department of Physiology, University College London 


In 1956 Csapo & Wilkie reported a curious effect of temperature on 
the inexcitability produced in frogs’ sartorius muscles by the action of 
25 mm-KCl. The onset of inexcitability follows roughly the same time 
course at 25° C and at 2° C. On the other hand, the recovery when normal 
Ringer’s solution is replaced is very much slower at the lower temperature. 
However, if the cold recovering muscle is suddenly warmed, excitability 
returns equally suddenly, and further cooling to 2° C has no effect other 
than is expected from the usual temperature coefficients. 

The experiments described above leave one in doubt whether it is the 
membrane potential, the action potential or the contractile mechanism 
that has failed to recover. ‘I have repeated the experiments, at the same 
time using micro-electrodes to stimulate and to record resting potentials 
trom superficial fibres in the muscle. The results showed that when recovery 
was delayed, it was a consequence of delayed repolarization; as soon as 
membrane potentials exceeded a level of about 63 mV, the fibres twitched 

normally when stimulated. 
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The question remains, what is it that underlies the delayed repolariza- 
tion? It can be shown, by considering the muscle as a system in Donnan — 
equilibrium (Boyle & Conway, 1941) that in Csapo & Wilkie’s experi- 
ments, KCl must have entered the fibres. The present work shows that 
if the high-K soaking solution has a composition that prevents KC! 
from entering the fibres, i.e. [K] x [Cl] product the same as for Ringer’s 
solution, or chloride replaced by the impermeant methyl sulphate, then 
there is no delay of repolarization that cannot be accounted for by diffusion 
in the interspaces. 

It has further been shown experimentally that the membrane potential of 
the recovering muscle is far more influenced by the ratio [Cl], : [Cl],y, than 
by [K]out: [KJin- This suggests that the situation resembles the one described 
by Hodgkin & Horowicz (1959) in experiments at room temperature, in 
which the permeability to potassium had dropped to a very low value, 
following a period of soaking in a high (KCl) solution. 

The mechanism of the sudden recovery on warming remains something 
of a mystery, but the most likely explanation is a sudden restoration of 
permeability to potassium. There are a number of reasons for thinking 
that the KCl that has been trapped inside the fibres is not suddenly 
released during the period of warming. | 
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Acclimatization to heat and its rate of decay in man. By J. M. Apam, 
R. H. Fox, G. Grimsy, D. J. Kipp and H. 8. Wotrr. Division of 
Human Physiology, National Institute for Medical Research, London, 
N.W.3 | 


In the present study sixteen soldiers, aged 18 to 224 years, were formed 
into two teams of eight. The 4 hr daily routine consisted of alternating 
half-hour periods of work, performing a lead-carrying task, and of resting 
_ seated, with an average energy expenditure of 100 kcal/m?/hr. Standing 
pulse rates, sweat production, rectal temperature and energy expenditure 
were measured. After training in a cool climate with a dry-bulb tem- 

perature of approximately 10°C (50° F) for 7 days, the subjects were 
tested once in an accurately controlled hot climate with dry-bulb tempera- 
ture 35-6° C (96° F), wet-bulb temperature 31-7° C (89° F) and air speed 
25-4 cm/sec (50 ft./min) (1st uniformity trial). During each of the sub- 
sequent 12 days one team (team A) performed the routine in the hot 
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climate to develop their acclimatization status, while the control team 
(team B) worked in the cool climate. Both teams were then re-examined 
once in the hot climate (2nd uniformity trial). After 2 days working in the 
cool environment the subjects were all exposed once to an even hotter 
climate, with dry-bulb temperature 40° C (104° F), wet-bulb temperature 
32-8° C (91° F) and air speed 25-4 cm/sec (50 ft./min) (high temperature 
test). After 6 days without exposure to heat the subjects were again tested 
in the original hot-wet climate (3rd uniformity trial) and received their 
final exposure to this climate after a further 28 days (4th uniformity trial). 

Between the Ist and 2nd uniformity trials there was an increase in 
sweat production (P < 0-001) and a decrease in the rise in rectal tem- 
perature (P < 0-01) in team A subjects during the 4 hr exposure, whereas 
team B showed no change. There was no evidence of any change in energy 
expenditure by either team. The difference between the two teams was 
also clearly shown in the high-temperature test, team A subjects having 
not only higher sweat rates (P < 0-01) and smaller increases in rectal 
temperature (P < 0-02) than team B but also smaller increases in pulse 
rate (P < 0-05). The re-test of team A subjects after 6 days without 
exposure to heat revealed that they had lost a substantial part of the 
improved tolerance to heat, and 28 days later the decay in acclimatization 
was virtually complete. The results show that the acclimatization to heat 


induced as described was relatively rapidly lost when exposure to heat 


ceased. 


Further observations on the location of renin in the rabbit kidney. 
By W. F. Coox. Department of the Regius Professor of Medicine, 
Radcliffe Infirmary, Oxford 


Cook & Pickering (1959) have shown that glomeruli separated from the 
kidney cortex contain more renin per mg of nitrogen than the remaining 
non-glomerular tissue. Also, glomeruli which retain a capsule and frag- . 
ments of proximal tubule and arterioles contain more renin per mg of 
nitrogen than glomeruli without this additional tissue. These results are 
consistent with the hypothesis that renin is located in the cells at the 
vascular pole of the glomerulus (Goormaghtigh, 1944). They are also, 
however, consistent with the view that the glomerular capillary and 
capsular epithelium contain renin (Nairn, Fraser & Chadwick, 1959). . It 
was thought that if a sufficient number of glomeruli could be bisected 
into a vascular-pole half and a distal half, the distribution of renin between 
the halves could be determined. An even distribution would support 
Nairn and colleagues, whereas if renin were located at the vascular pole, 
only the half including it would contain renin. A suspension of magnetic 
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iron oxide was infused into the renal arteries of freshly killed healthy young 
rabbits. The glomeruli from the peripheral region of the cortex were then 
separated magnetically (Cook & Pickering, 1958). Glomeruli, which had 
the afferent arteriole filled with oxide and possessed a capsule and some- 
times a short length of proximal tubule, were picked up with a micropipette. 
Several hundred such glomeruli were transferred to a miniature guillotine 
where each was bisected and the halves collected into two lots, one of which 
included all the vascular-pole halves and the other all the distal halves. 
Throughout this procedure, which took about 10 hr, the glomeruli before 
and after bisection were suspended in Krebs’s solution at approximately 
5° ©. Saline extracts of each collection of half glomeruli were assayed on 
the rat’s blood pressure as previously described. Six experiments have 
been done and in every case renin was readily demonstrated in extracts 
of the vascular-pole halves but could not be detected with certainty in 
extracts of the distal halves. It is concluded that renin is probably located 
in a structure at the vascular pole of the glomerulus but precisely which 
cells are involved remains to be determined. 
Work done while in receipt of a Medical Research Council Scholarship. 
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Aerobic energy production and the stimulation of active sodium 
transfer across isolated frog skin by nenrehypophysial extract. 
By G. H. Wricut. Department of Physiology, St Mary's Hospital 
Medical School, London, W.2 | 


The increase in active sodium transport by tatlated frog skin following 
administration of a maximal dose of neurohypophysial extract varies 
considerably among different skins of the same variety. 

Leaf & Renshaw (1957) showed that neurohypophysial extract failed to 
stimulate active sodium transport in anoxic skins. They concluded the 
action of neurohypophysial hormones on ion transport is ‘somehow 
associated with their ability to increase the availability of aerobic energy 
sources for operation of the ion transport mechanism’. 

It was decided in view of the above finding to investigate the Siedion 
_ between the magnitude of the response to a maximal dose of neurohypo- 
physial extract (Pituitrin; Parke, Davis and Co. Ltd, Batch no. LY 616A) 
and the aerobiosis of the skin. 
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The experiments were carried out during the months of May, June and 
July, using frogs kept in captivity for 3 or 4 months. Active Na+ transport 
was measured on the short-circuit current principle (Ussing & Zerahn, 
1951) by means of a continuous recording technique (Wright, 1959). The 
Ringer’s solution used had the following composition (mm): NaCl 115, 
CaCl, 1-4, KHCO, 2-5. The pH of this solution was adjusted to 7:8. 

After a 2 hr period of equilibration the skins were subjected to total 
anoxia for about 30min, then quickly restored to aerobic conditions. 
About 30 min later the Pituitrin was administered. 

Measurement showed a highly significant positive correlation (r = 0-763, — 
P < 0-001) between the magnitude of the response to Pituitrin and the 
magnitude of the aerobic component of the short-circuit current (defined 
here as the difference in values of the steady short-circuit current under 
aerobic and anaerobic conditions). The equation of the regression line is 
y = +44. 

From these results it is concluded that the degree of response of the ion- 
transport mechanism to a maximal dose of neurohypophysial extract is 
dependent upon the functional state of the aerobic energy source at the 
time of administration of the extract. 

This work was assisted by a grant from the Central Research Fund, University of London. 
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Development of monosynaptic paths following changed moto- 
neurone function. By J. C. Ecctes, Rosamonp M. and 
F. Magni. Department of Phystology, Australian National University, 
Canberra, Australia 


After reviewing an extensive literature Sperry (1945) concluded that 
in mammals nerve cross-union did not change the simplest reflex pathways. 
In a re-investigation, monosynaptic activation of motoneurones by Ia 
afferent fibres from muscle was used as a test for plastic change. In eleven 
kittens (1-25 days old) the nerves to the peroneal (Per.) muscles (peronéus 
_ longus, brevis and tertius) and to the medial gastrocnemius (MG) were 
cross-united in aseptic operation. Twenty-one to thirty-six weeks later 
_ the motoneurones supplying these and related muscles were identified and 
their monosynaptic connexions investigated by intracellular recording 
(cf. Eccles, Eccles & Lundberg, 1957). Physiological test established that 
motor axons originally supplying Per. muscles regenerated only to MG 
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muscle, and conversely with the original MG motor axons ‘and Per. ~ 
- muscles. As expected for young kittens, chromatolysis destroyed more — 


than half of the neurones with severed axons. 

Monosynaptic connexion to the original Per. motoneurones was assumed 
only when the central latency of the excitatory post-synaptic potential! 
(EPSP) was less than 1-1 msec. Such EPSP’s were produced by the lowest 
threshold (Ia) afferent fibres. Of the 125 Per. motoneurones examined 
intracellularly, 42 had monosynaptic connexions from the physiological 


extensor muscles of ankle and digits (lateral gastrocnemius, LG, 37; MG, 1; | 


plantaris, Pl. 8; and flexor digitorum longus, FDL, 14). By contrast only 
6 of 51 normal Per. motoneurones had such aberrant connexions (LG, 1; 
MG, 4; Pl, 1; and FDL, 2). Thus with the exception of MG there was a 
large increase in such monosynaptic ‘paths, particularly from LG, where 
the incidence of aberrancy rose from 2% to 30% of Per. motoneurones. 
The largest EPSP was 1-4 mV, but most were small, the mean size for 
LG being 0-4mV. Post-tetanic potentiation was abnormally large, the 
mean EPSP from LG being then 0-9mV. Changed function of other 
motoneurones in six operations cross-uniting different nerves revealed no 
increase in aberrancy of monosynaptic connexions, but there was much 
less proximity than with Per. and LG nuclei, which are in close apposition 
throughout the L7 segment. : 


Possibly the new monosynaptic paths are due to the sprouting of fibres _ 


that is effected by the degenerated central terminals of the chromatolysed 
ganglion cells (cf. MeCouch, Austin, Liu & Liu, 1958). But the prepon- 
derance of LG connexion suggests the operation of a more specific influence ; 
on account of their innervation of MG muscle the Per. motoneurones 
specially attract Ia synapses from the most closely related synergist, LG, 
and to a less extent from Pl and FDL. Both the chromatolytic loss of 
many Ia fibres from MG, and its changed function, would account for the 
decline in its aberrancy. The operation of a specific influence is further 
suggested by the absence of aberrant connexions from the functionally 
unrelated hamstring muscles, despite the proximity of many hamstring 
motoneurones to Per. motoneurones in the L, segment. If the postulated 
specific influence can be substantiated by further experiment, it would 
provide the basis for explanations of the development of specific pathways 
in the central nervous system, but the manner of its operation would raise 
fundamental problems. 
REFERENCES 


Eccuxs, J. C., Ecoies, R. M. & LunpBera, A. (1957). J. Physiol. 137, 22—50. 


McCoucs, G. P., Austin, G. M., kay, & C. N. & Liv, C. Y. (1958). J. Newrophysiol. 21, 205- 
216. 


Sperry, R. W. (1945). Quart. Rev. Biol. 20, 311-369. _ 


| 


SOCIETY, 25-26 MARCH 1960 31P 


_.2, 4-Dinitrophenol and the chloride content of rat auricle. By 


J. F. Lams, eats of Veterinary Physiology, U niversity of 
Edinburgh 


The older analytical literature (e.g. i daanais & Weicher, 1934) showed 
that the chloride content of heart muscle was greater than that of skeletal 
muscle, and recent electrical experiments (Hutter & Noble, 1959) suggested 
the hypothesis that the chloride equilibrium potential (H,,) was less than 
the resting potential. The following additional evidence is advanced in 
support of this hypothesis: 

(1) Thé chloride content of normal left auricles after 15 min perfusion with 
Tyrode solution (Cl 142 m-equiv/l.) was 61-5 + 1-6 (s.z.; n = 9) m-equiv/kg 
wet tissue (Na 59-8+ 2-1, K 74:1+ 1-2 m-equiv/kg wet tissue). With a 
sucrose space of 25-1+ 0-7 (s.z.; = 10, water 78 the calculated intra- 
cellular chloride [Cl], content was 43 m-equiv/kg fibre water. For passive 
distribution at a resting potential of 80 mV the expected Cl, is 7 m-equiv/ 
kg fibre water. As these auricles were active the membrane potential was 
only at 80 mV for 95% of the total time. The membrane potential during 
the rest of the time would favour passive accumulation of chloride by the 
cells and this might partially or wholly explain the results. 

(2) Perfusion of another series of auricles with Tyrode solution containing 
13 um of 2, 4—dinitrophenol (DNP) for 15 min produced a loss of chloride of 
9-0 m-equiv/kg wet weight (P < 0-001). This is consistent with the hypo- 


- thesis that chloride is actively maintained within heart cells. A comparison 


between auricles perfused with normal Tyrode solution or Tyrode containing 
DNP (Lamb, 1959) for 15 min shows that DNP causes a loss of 12 m-equiv 


Of K and 9-0 m-equiv of Cl, and a gain of 3-4 m-equiv of Na per kg wet 


tissue. 
From these results the is 32 mV and this means that 
Cl ions are only available to repolarize the membrane during the initial 


-part of repolarization. This was confirmed experimentally by replacing the 


Cl of Tyrode solution with benzene sulphonate, when a marked prolongation 
of the initial part of repolarization of the action potential occurred. It was 
found that iodide was taken up to the same extent (58-8 + 0-5 m-equiv/kg 
wet tissue, after 30-60 min perfusion) as chloride, and under these con- 
ditions there was an acceleration of the initial part of repolarization with 


- the appearance of a marked inflexion at about 30 mV. 


After 15 min of treatment with DNP the action potentials of rat auricle 
(Lamb, 1959) only last some 3 msec and the resting potential has dropped 
10 mV. In‘similar experiments in which the chloride in the Tyrode solution 
was replaced by benzene sulphonate the action potential only shortened to 
20 msec with no drop in resting potential, or decrease in excitability. 


| 
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A suggested hypothesis for the effects of DNP on heart tissue is that there 
is a large increase in the chloride permeability, this tending to lower the 
resting potential, and hasten repolarization of idl action potential, 
towards the chloride annals potential. 
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A new method for determining the half-saturation of the facilitated 
transfer of glucose across the human erythrocyte membrane 
and for studying the effect of inhibitors. By A. K. SEN and 
W. F. Wippas. Department of Physiology, King’s College, London, 
W.C.2 


When human red cells obvrnnaly incubated in saline containing 76 mm 
glucose are resuspended in a similar medium containing less than 16 mm 
glucose they first swell osmotically and then shrink as glucose is lost from 
the cell interior. Because of saturation on the inside of the membrane 
about two-thirds of the exit is at a steady rate and a linear record is 
obtained with the photoelectric apparatus oe 1953a) used to follow 
the volume change. 

By observing the ‘exit’ times into separate media containing glucose in 
the range 0-8—12-2 mm it is possible (i) to find, by extrapolation, the time 
for exit into a glucose-free medium (t,)), and (ii) to deduce the concentration 
of glucose which would cause the exit time to be twice tj. From kinetics 
previously described (Widdas, 1954; Bowyer & Widdas, 1958) this last 
concentration is equal to the half-saturation concentration (¢,). 

The advantages of this technique over that using competition, e.g. with 
sorbose (Widdas, 1954) are due to the faster rates of glucose exit compared 
with sorbose entry or exit. Slow cell-volume changes due to other causes 
are thus less important and the results are more reproducible. The value 
of ¢, obtained by this technique at pH 7-4 and. 37°C is 4-:0+0-24 mm | 
(or 72 mg glucose/100 ml.). | 

Le Fevre (1954), using glucose exit measurements in the presence of a 
competitive inhibitor (Phloretin), deduced the half-saturation constant 
to be about 7mm. Competition with sorbose suggested a value of 10 mm 
(Widdas, 19535). 

When glucose ‘exits ’ occur into media containing different glucose concen- 
_ trations (but always containing a constant amount of inhibitor) it is also 
possible to obtain (i), by extrapolation, a time for exit from the partially 
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inhibited cells into a glucose-free medium (t,), and (ii) a concentration of glu- 
cose which doubles this exit time. If the inhibitor is a competitive one, the 
concentration of glucose which gives an exit time equal to twice ty should be 
greater than the half-saturation constant (¢,) and this has been confirmed 
for the competitive inhibitors phloretin and polyphloretin phosphate. 

In cells treated with 2,4-dinitrofluorobenzene (DNF'B) the concentration 
of glucose which doubled f was not greater than ¢,. It was known that 
inhibition by DNFB was irreversible (Bowyer & Widdas, 1958) but this 
additional evidence rules out the possibility of there being a — 
element in the action of this inhibitor. 
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The response of pulmonary arterial baroreceptors to alterations 
in pulmonary arterial pressure. By J. C. G. CoLeripeE and 
©. Kipp. Department of Physiology, School of Medicine, University 
of Leeds | 


Recently impulses have been recorded from baroreceptors in the pul- 
monary artery of the cat (Swan & Whitteridge, 1956; Bianconi & Green, 
1959) and the dog (Coleridge & Kidd, 1959). There is some evidence that 
reflex cardiovascular changes may be initiated by alterations in pulmonary 
arterial pressure (reviewed by Heymans & Neil, 1958). But evaluation of | 
the normal role of the pulmonary arterial baroreceptors is hindered by an 
absence of information about the relationship between their impulse 
activity and the blood pressure in the pulmonary artery. 

Afferent impulses were recorded from pulmonary arterial baroreceptor 
fibres dissected from slips of the cervical vagus in anaesthetized dogs with 
the chest open. In some experiments mean pulmonary arterial pressure 
was measured with a saline manometer; in other experiments pulsatile 
pressures were recorded with an optical manometer. Pulmonary arterial 
pressure was altered by means of infusions or bleeding, or Py occlusion of 
the inferior vena cava. 

When pulmonary arterial pressure was lowered, the pressures at which 
impulse activity disappeared in different fibres were within a narrow 
range (mean pressure 10—15 mm Hg; pulsatile pressure, 16/7—23/11 mm Hg). 
These values lie towards the lower end of the range of pressures variously 
quoted for the normal pulmonary arterial pressure in the dog. 
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- When pulmonary arterial pressure was raised in steps from the threshold 
pressure up to a mean pressure of about 35 mm Hg, the pulmonary baro- 
receptors signalled each rise in pressure with an increased frequency of 
discharge ; within this range of pressures there was an approximately linear 
relatidnship between peak frequency of discharge and the number of 
impulses per heart beat. Peak frequencies of 200-300 impulses/sec 
occurred with pulsatile pressures of about 50/25 mm Hg. | 

Further experiments were carried out immediately after the animal had 
been killed. The main pulmonary trunk was cannulated and the lobar 
arteries ligated. Baroreceptor activity was then examined while pressure 
in the isolated artery was varied by means of a reservoir connected to the 
cannula. Pulsatile pressure was a more effective stimulus to pulmonary 
arterial baroreceptor discharge than was a steady pressure. This is similar 
to results obtained on carotid sinus sso ee (Ead, Green & Neil, 
1952). 
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A study of the calcium exchange in the isolated turtle ventricle. 
By Ernuy. Cosmos and J. G. Henrotre. Department of Physiology, 
School of Medicine and Dentistry, Rochester (N.Y.), U.S.A. 


Studies done in vitro with “Ca show the occurrence of a small exchange- 
able portion of the total cellular calcium in resting frog’s skeletal muscle 
(Harris, 1957; Cosmos, 1958). 

We have performed similar experiments with isolated turtle ventricles 
(Pseudemys elegans) and frog’s skeletal muscles of hind legs. The in vitro 
preparations of ventricles have been done according to a technique similar 
to Hajdu’s (1958) and bathed for several periods of time in a Boyle~-Conway 
solution containing “Ca. The total Ca content expressed as m-equiv/kg 
of fresh tissue and the radioactivity expressed as the ratio of the specific 
activity of the tissue (in counts/min/m-moles of Ca) to the specific activity 
of the bathing solution (i.e. the percentage of tissue Ca exchanged with - 
the “Ca of the medium) have been determined according to the methods 
of both Gilbert & Fenn (1957) and Cosmos (1958). 

The total calcium content of turtle ventricles and frog’s skeletal ninasles, 
fresh or perfused, is equal respectively to an average of 2-22 +0-66 and 
3-46 + 0-80 m-equiy/kg. After 1 hr of perfusion, the ventricles exchange 
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65-5 +5:4% of their calcium (7 experiments). When stretched by filling 
of liquid under a pressure of 15 cm of water, they exchange 81-2 +3-1% 
of the calcium (9 experiments) and their contractile strength is also very 
much increased. Stimulation at the rate of 24/min, and in isometric 
conditions, does not modify those results (Fig. 1). On the contrary, frog’s 
skeletal muscles perfused for several lengths of time exchange steadily 
only 21-8+1:45% of their calcium. As previously described (Cosmos, 
1958) stimulation increases slightly their calcium exchangeability 
(28-3 + 0-96 %). The time course of the Ca exchange (Fig. 1) shows that 
maximal values are almost reached already after 15 min of experiment. 
100 


Stretched ventricles 


Non-stretched*ventricles 


Skeletal mus¢les 


Percentage of Ca exchange 
8.6 


o 


Time (min) 
Fig. 1. Time course of “*Ca uptake. Abscissa: time in the: radioactive fluid. 

. Ordinate: percentage of muscular calcium exchanged with the *°Ca of the fluid. 
O, Stimulated; @, resting stretched turtle ventricles; (}, stimulated; ©, resting 
non-stretched ventricles; stimulated; resting frog skeletal muscles. 


The linkage of the largest portion of the cellular Ca is, thus, much looser 
in the ventricle than in the skeletal muscle. This phenomenon could explain 
the well-known dependence of the cardiac contractile strength upon the 
presence of calcium in the extracellular fluid (Salter & Russel, 1951; 
Niedegerke, 1957). | 
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When pulmonary arterial pressure was raised in steps from the threshold 
pressure up to a mean pressure of about 35 mm Hg, the pulmonary baro- 
receptors signalled each rise in pressure with an increased frequency of 
discharge; within this range of pressures there was an approximately linear 
relationship between peak frequency of discharge and the number of 
impulses per heart beat. Peak frequencies of 200-300 impulses/sec 
occurred with pulsatile pressures of about 50/25 mm Hg. 

Further experiments were carried out immediately after the animal had 
been killed. The main pulmonary trunk was cannulated and the lobar 
arteries ligated. Baroreceptor activity was then examined while pressure 
in the isolated artery was varied by means of a reservoir connected to the 
cannula. Pulsatile pressure was a more effective stimulus to pulmonary 
arterial baroreceptor discharge than was a steady pressure. This is similar 
to results obtained on carotid sinus baroreceptors (Kad, Green & Neil, 
1952). | 
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A study of the calcium exchange in the isolated turtle ventricle. 
By Eruyu Cosmos and J. G. Henrotre. Department of Physiology, 
School of Medicine and Dentistry, Rochester (N.Y.), U.S.A. 


Studies done in vitro with “Ca show the occurrence of a small exchange- 
able portion of the total cellular calcium in resting frog’s skeletal muscle 
(Harris, 1957; Cosmos, 1958). 


We have performed similar experiments with isolated turtle ventricles 


(Pseudemys elegans) and frog’s skeletal muscles of hind legs. The in vitro 
preparations of ventricles have been done according to a technique similar 
to Hajdu’s (1958) and bathed for several periods of time in a Boyle-Conway 
solution containing “Ca. The total Ca content expressed as m-equiv/kg 
of fresh tissue and the radioactivity expressed as the ratio of the specific 
activity of the tissue (in counts/min/m-moles of Ca) to the specific activity 
of the bathing solution (i.e. the percentage of tissue Ca exchanged with 
the “Ca of the medium) have been determined according to the methods 
ofboth Gilbert & Fenn (1957) and Cosmos (1958). 

The total calcium content of turtle ventricles and frog’s skeletal muscles, 
fresh or perfused, is equal respectively to an average of 2-22 + 0-66 and 


3:46 + 0-80 m-equiv/kg. After 1 hr of perfusion, the ventricles exchange 
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65-54 5:4% of their calcium (7 experiments). When stretched by filling 
of liquid under a pressure of 15 cm of water, they exchange 81-2 + 3-1 % 
of the calcium (9 experiments) and their contractile strength is also very 
much increased. Stimulation at the rate of 24/min, and in isometric 
conditions, does not modify those results (Fig. 1). On the contrary, frog’s 
skeletal muscles perfused for several lengths of time exchange steadily 
only 21-8+1-45% of their calcium. As previously described (Cosmos, 
1958) stimulation: increases slightly their calciym exchangeability 
_ (28-34 0-96 %). The time course of the Ca exchange (Fig. 1) shows that 
maximal values are almost reached already after 15 min of experiment. 
100 


Stretched ventricles 


Non-stretched ventricles 


| 


Skeletal muscles 


w 


Percentage of Ca exchange 


8 


1020-30-40 50-60 130 
Time (min) 

Fig. 1. Time course of *°Ca uptake. Abscissa: time in the radioactive fluid. 

Ordinate: percentage of muscular calcium exchanged with the “*Ca of the fluid. 

O, Stimulated; @, resting stretched turtle ventricles; @, stimulated; ©, resting 

non-stretched ventricles; [1], stimulated; ™, resting frog skeletal muscles. 


The linkage of the largest portion of the cellular Ca is, thus, much looser 
in the ventricle than in the skeletal muscle. This phenomenon could explain 
the well-known dependence of the cardiac contractile strength upon the 
presence of calcium in the extracellular fluid (Salter & Russel, 1951; 
Niedegerke, 1957). 
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The site of origin of the efferent action potentials in the giant 
nerve cell of Aplysia. By L. Tavo. Centre d’Etudes det Physiologic 
nerveuse, C.N.R.S., Paris, France 


It was shown (Tauc, 1960) that in the giant nerve cell of Aplysia, in- 
activation or removal of the cell ‘body does not affect the synaptic trans- 
mission. Then we tried to get direct evidence that, even in normal con- 
ditions, the efferent impulse takes its origin from an axonal region near 
the soma, this latter being excited only by way of antidromic propagation. 


120 mV 


i 


S msec 


Fig. 1. Simultaneous intracellular recordings from the soma and axon of the 
giant cell of Aplysia, stimulated orthodromically (the stimulus artifact in B is 
outside the record). The distance of the axonal micro-electrode is 350 » in A, 2mm 
in B; A and B being taken from different neurones. Excitatory post-synaptic 
potentials can be seen on the record taken from the axonal region in B. 


Our experimental procedure was to introduce a micro-electrode into the 
axon near the soma and another into the cell body so as to be able to observe 
in both structures simultaneously the time sequence of action potentials 
induced by different modes of excitation and also during spontaneous 
activity. It thus appeared that the axonal ‘spike always precedes the 
somatic one, even when a direct stimulus is applied to the soma by means 
of a third intracellular micro-electrode. Fig. 1A and B shows two cases of 
synaptically induced spikes in which the sequence is obvious. 

When the record is taken at some distance from the soma (about 2 mm 
in B) post-synaptic potentials are visible, whereas no sign of these can 
be seen on the somatic record. This observation shows that synaptic 


contacts are distributed along the axon in the neuropile and relatively 
far from the cell body. 
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A double response is often recorded in the proximal part of the axon 
following antidromic stimulation, when the delay between the axonic and 
somatic spikes reaches several msec. In this case, the proximal part having 
recovered from its refractory period, a recurrent response can be initiated 
- and two successive spikes are recorded. : 

These findings, together with extracellular observations, allow us to 
conclude that in the giant cell of Aplysia a functional discontinuity is 
present somewhere between the soma and the axon; this part of the axon 
appears to have a threshold lower than that of the cell body so that the 
efferent action potential originates in this region. Finally, it is this latter 
part of the axon which acts as a pace-maker when spontaneous activity is 
present. 
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_A method for studying the rate of blood flow through the bone 
marrow of a rabbit’s femur. By J. D. Cummine. Department of 
Physiology, University of Birmingham 


Drinker & Drinker (1916) perfused the tibial marrow of dogs to demon- 
strate responses to adrenaline and to electrical stimulation of nerves. 
Since that time no direct methods for the study of the blood flow through 
bone marrow appear to have been described. 

The femoral shaft of a rabbit contains red marrow even in the adult 
animal, and has no cancellous bone running across the myeloid canal. 
A single distinct vascular bundle can be seen running from the femoral 
vessels to the bone. Injections of dye show that the nutrient vessel 
entering the shaft supplies all the marrow except for a very small amount 
in the epiphyses at either end of the bone. These two sites receive blood 
from the articular branches of the hip and knee joints. 
’ Anaesthesia is maintained with an ether-oxygen mixture through a | 
tracheotomy tube after induction with intravenous pentothal. One carotid 
_ artery is cannulated to obtain a record of the blood pressure. A skin incision 

is then made on the inner aspect of one thigh parallel and a little lateral 
to the femoral vessels. The skin is retracted widely, and a pad of fat and 
mammary tissue lying superficial to and concealing the inguinal liga- 
ment is divided between ligatures. The femoral canal is opened, the vessels 
_and nerve exposed, and cleaned of their investing connective tissue. It 
is necessary at this stage to divide the superficial inferior epigastric 
vessels. To obtain adequate exposure of the proximal end of the femoral 
vessels the inguinal ligament is divided laterally and stripped off the 
femoral canal. The profunda and circumflex branches are next ligated. 
Other small inconstant muscular branches are then sought and tied. The 
only small vessels left intact are the nutrient artery and vein. These leave 
the under side of the femorals and run obliquely to the femur ensheathed 
in fat and areolar tissue. The point of junction of the nutrient vessels with 
the femoral ones is variable but is always in the upper one third of the 
lester, 
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The next stage of the operation is the most difficult and consists of 
separating the femoral artery and vein high in the groin, and passing a 
ligature around the latter. Division of the femoral nerve in its lower one 
third and the passing of ligatures distally around the femoral artery and 
vein complete the preparation. 

After heparinization of the rabbit the femoral vein is tied above and 
below the entrance of the nutrient vein. The femoral artery is ligated in its 
lower third to prevent infarction of the limb. The femoral vein is then 
cannulated and the volume of effluent from the nutrient vein is measured 
with a drop recorder. Constant basal rates of flow are then recorded by 
using a Thorp impulse counter. 
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Frequency modulation of tonal stimuli by means of voltage- 
sensitive capacitors. By I.C. Wurrrizip. Department of Physiology, 
University of Birmingham, 

In the study of the dynamic properties of the auditory system it is 
useful to employ sound stimuli, other than clicks, which are neverthe- 
less of well defined composition. Frequency modulated tonal stimuli of 


constant intensity fulfil this role well (Whitfield, 1953, 1957). In previous | 


work (Whitfield, 1957) mechanical methods of modulation were employed, 
with consequent limitations on the flexibility with which the modulation 
envelope could be changed. It is more convenient to use a voltage of 


appropriate wave form to determine this envelope. The standard methods 


used in audio modulation of radio frequencies are, however, not very suit- 
able for use at the rather low frequencies required here. 

The present equipment employs a conventional phase-shift audio oscil- 
lator in which the resistance—capacitance networks incorporate semi-con- 
ductor capacitors. These devices change their capacitance with applied 
voltage in a sufficiently linear manner over a small range, and hence by 
applying a suitable low-frequency wave form the appropriate modulation 
is obtained. The equipment is being used to obtain modulation depths of 
+5% with sinusoidal, and with various other simple geometric emrelope 
shapes. 
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The rapid quantitation of silver grains in autoradiographs of 
: tissue sections. By A. W. Roczrs. Department of Anatomy, 
University of Birmingham 


Attempts to estimate the relative concentrations of a radioactive isotope 
“in different regions of a tissue section from its autoradiograph depend on 
counting the grains of developed silver in the photographic emulsion over- 
~ lying those regions. Counting silver grains visually is very time-consuming, 
‘and several types of automatic grain counter have been designed. Most of 
these require separation of the emulsion from tlie tissue section, with 
_ consequent loss of accurate correlation between the histological structures 
and their autoradiographic image. | 
_ Gullberg (1957) has described a grain counter based on the use of indirect 
illumination of the slide. In this system, the silver grains, which have a 
_ high reflectivity, appear as bright spécks of light on a black background, 
while the underlying tissue section does not reflect the light. 
_ The apparatus to be shown makes use of indirect illumination, but is 
very much cheaper and simpler than that described by Gullberg. A photo- 
multiplier tube (E.M.I. type 9524 B.), mounted in a modified camera 
attachment, views the autoradiograph through a microscope fitted with 
_ @ standard incident illuminator. The current flowing across the photo- 
- multiplier is proportional to the light output of the microscope field under 
- observation, which is determined by the number and size of silver grains 
there. Since it may be taken that the grain size is relatively constant on 
any one slide, the apparatus gives a rapid and accurate measure of the 
relative grain count over different regions of the section. 
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Left side perfusion of isolated rabbit heart. By L. D. ABRams. 
| Department of Surgery, Queen Elizabeth Hospital, University of 
Birmingham 


This preparation gives a good visual demonstration of the action of the 
left ventricle; the relationship between the force of the left ventricle and 
_ the perfusion pressure is easily seen. The efficiency of cardiac massage in 
restoring coronary perfusion can be demonstrated as well as the effects of 

temperature change and drugs. 
Satisfactory e.c.g.’s can be taken from any part of the heart. 
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AIR INLET NEEOLE 
GLASS BORE 
PYV.C. TRANSPARENT 

BORE 


SLIP 40cm 
WASTE TUBE 

KAFTER INJECTING ORUGS 
ALLOW ALL FLUID TO GO 
TO WASTE FOR 30 SECONDS 
\€ SHUT RETURN TUBE 
CUP OPEN WASTE TUBE 


Culp) 
J CANNULA IN 
LEFT ATRIAL 
APPENDAGE 
CTHE STANDARD AORTIC 4 


CANNULA) 


SIDE TUBE FOR REMOVING AIR 
SUBBLES & STAATING SIPHON 
FROM PERFUSION RESERVOIR 


<—DIRECTION OF FLOW 
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Fig. 1. Standard Palmer isolated rabbit heart perfusion apparatus. Left side 
perfusion of isolated rabbit heart: 1. Set up apparatus completely and make sure 


siphon to atrial cannula is bubble free. Close gate clip. 2. Anaesthetize rabbit. 


3. Heparinize rabbit (1000 units). 4. Open chest. 5, Remove heart, great vessels 
and lungs en bloc. 6. Ligate each lung hilum with strong thread. Leave ends long. 
7. ‘Nick’ main pulmonary artery. 8. Open aorta 1 cm from origin after passing 
strong ligature round it. Insert aortic cannula and tie ligature. 9%. Tie one lung 
hilum ligature round crossbar to support heart. 10, Make tiny incision in left atrial 
appendage and tie in atrial cannula. 11. Tie second hilum ligatuve round cross- 
bar and adjust first. Cut off lungs, 12.Opengateclip. Start perfusion with cardiac 
Massage. 


A microscopical study of the effect of relaxin in modifying the action 
of oestradiol and progesterone on the uterine tract of mice. By 
KATHLEEN Hau. Department of Physiology, University of Birmingham 

Hall (1957), and Steinetz, Beach & Kroc (1959) have found that in rats 
and mice ovariectomized during pregnancy administration of relaxin re- 
duced the daily requirements for progesterone and had a beneficial effect 
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on parturition which was apparently not confined to its action on the 
symphysis pubis. These observations, and the reports by Sawyer, Frieden 
_ & Martin (1953) and Krantz, Bryant & Carr (1950) that relaxin has a 
quieting effect on myometrial contractions, have led to clinical trials, 
of relaxin in cases of threatened abortion and control of labour patterns, — 
the results of which are conflicting. ) 
__ As part of an investigation to determine whether any action of relaxin 
_ could be detected on the female reproductive tract at the microscopic level 
_ ovariectomized and young intact mice were injected for 8-9 days with 
_ combinations of 1-5 wg/day oestradiol, 0-5 or 1-0 mg/day progesterone and 
varying doses of relaxin, and the different parts of the uterine tract studied 
by means of histological and histochemical techniques. Special attention 
was paid to cytoplasmic nucleic acids in relation to growth changes; altera- 
tions in glycogen and other polysaccharides; and changes in alkaline phos- 
phatase activity. 

In the uterine horn relaxin produced augmentation of the action of 
oestradiol on myometrial glycogen and alkaline phosphatase activity and 
- on oedematous transformation of the endometrial stroma, with deposition 
of quantities of acid mucopolysaccharides. Progesterone partly or com- 
pletely prevented the synergistic action of the other two hormones on 
_ myometrial glycogenesis and on oedematous changes in the endometrium, 
but not on alkaline phosphatase activity in the myometrium and, prob- 
ably, epithelium. 

In the vagina relaxin and oestradiol had a synergistic effect on cellular 
_ hypertrophy-and keratinization of the epithelium, and relaxin partly over- 
came the mucifying action of progesterone. Relaxin seemed to produce 
increased alkaline phosphatase activity in the lamina propria. No hor- 
- monally controlled acid mucopolysaccharides were detected in the cervix, 
and the techniques used did not provide a complete explanation of relaxin- 
induced softening of the cervix. | : 

When injected alone, relaxin was without effect. 
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Autoradiography of tissues containing water-soluble radioactive 3 
isotopes. By K. Brown-Grant, G. Petues and A. W. Rocsrs. 
Departments of Physiology and Anatomy, University of Birmingham 3 


Location of water-soluble isotopes in tissue sections by autoradiographic 
stripping film technique is technically difficult and the failure rate is high 
(Doniach & Logothetopoulos, 1955). Radio-iodide (**'I) has recently been 
shown to be concentrated in the skin of the rat in vivo (Brown-Grant & 
Pethes, 1959) and the study of its distribution in this organ has been greatly 
facilitated by an alternative method using the newly introduced Ilford K 5 
nuclear emulsion. 


Fig. 1. Autoradiograph of a section of skin from a 2-day-old rat 2 hr after the 
injection of I, This section was mounted directly on the photographic emulsion. 
The line of more intense blackening corresponds to the epidermis. Magnification, 
x 70. 


Gelatin-subbed slides were treated in the dark (Wratten No. 2 Filter at 
1 m) with emulsion melted at 45-50° C, either by applying it to them with - 
a fine artist’s paint brush or by dipping them. The slides were allowed to ff 
dry at room temperature. Ribbons of sections of freeze-dried skin contain- 
ing radio-iodide were mounted directly on the emulsion and gently flat- 
tened. Alternatively, the sections were mounted without dewaxing on a 
separate slide and held in close contact with an emulsion-covered slide by 
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rubber bands during the exposure period. Processing was carried out in 

Iiford 1D 19 developer and 30% (w/v) aqueous thiosulphate solution. 
The resolution obtained by the first method was good (Fig. 1) but the 

sections were lost during development, and comparison could only be made 


Fig. 2. Autoradiograph of a section of skin from a 10-day-old rat 2 hr after the 
: injection of #1I. This section was mounted on a separate slide, and held in contact 
: with the emulsion-coated slide during exposure. As well as a line of blackening 
which corresponds to the epidermis, some hair follicles also lis an intense auto- 


» radiograph. Magnification, x 25. 
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with adjacent sections from the same block of tissue. In the second method — 


resolution was not so satisfactory (Fig. 2), but the corresponding tissue 
sections were available for staining and examination. The results obtained 
by the two methods were complementary. In the skin of the rat radio-iodide 
was found to be concentrated in the epidermis and in the hair follicles 
(Brown-Grant, Pethes & Rogers, 1960). The use of emulsion was found to 
be much simpler than the use of stripping film and far less time-consuming, 
while the failure rate was low. 

The necessary apparatus and the technique for handling the emulsion 


will be demonstrated and other examples of the application of liquid 


emulsions in autoradiography (Rogers, 1959) will be shown. 
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A method of investigating the effects of induced emotional 
changes upon gastric secretion of hypnotized subjects. By 
C. Entwist ie, E. H. L. Harris and M. 8m. Departments of Physio- 

logy and Psychological Medicine, The Medical School, Birmingham 
Various studies of the effects of emotions on gastric secretion have been 
done in the past. The best known arc those of Beaumont (1834) and Wolf 
& Wolff (1943), who had the opportunity of studying human beings with 
gastric fistulae. The classical work of Cannon (1934), demonstrating his 


emergency theory, is in conflict with the general belief that chronic anxiety _ 


is responsible for over-secretion of acid by the stomach. — 

It was found that a greater degree of control could be exercised in these 
studies by means of artificially induced mood changes. This was done by 
Wittkower (1935), in hypnotically induced fear states, and by Gordon & 
Chernya (1940), who used four gastric fistula cases. __ 

Eichhorn & Tracktir (1955) produced emotional changes in ‘subjects 
who had been hypnotized by eye-fixation methods, using the ‘word 

stimulus’ method as employed by Gidro-Frank & Bull (1950). 

' In the present series the technique used was that of suggesting to the 


subject that a traumatic situation was actually occurring. This traumatic — 


situation produced the required emotion such as anger, resentment, or 
fear. For example, the suggestion that the subject was payueeitiebly 
imprisoned in a small cell would cause intense resentment. 

The subject, usually a medical student volunteer, is first of all given a 
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pamphlet describing the history and uses of hypnotism. The subject is seen - 
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“at least twice before the experiment, and each time, after swallowing a 
stomach tube, hypnosis is induced and situations are suggested. If these 
_ preliminary tests are satisfactory, the full experiment is then performed. 
A continuous infusion of histamine is given as soon as hypnosis has been 
induced, and after 1 hr with the subject in a relaxed state, and when the 
gastric secretion is constant, the traumatic situation is suggested. After 
1 hr in this phase, the subject is released, and kept in a state of rest for a 
_ further hour before ending the hypnotic period. 

_ Emotional changes and pulse rate are recorded throughout the experi- 
ment, and gastric secretion is aspirated by continuous suction. 
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- The measurement of total gastric blood flow and gastric secretion 
in'the dog. By J. D. Cumming, A. L. Haieu and E. H. 
Department of Physiology, University of Birmingham 


It is widely held that gastric secretion and gastric blood flow are directly 
related to each other. Harries (1956), however, suggests that this may not 
always be the case. The preparation described below has been used to 
obtain further evidence of the relationship between gastric secretion and 
blood flow. It involves the collection of the total venous outflow from the 
stomach, and the collection and estimation of the gastric secretion. 

_ After induction with sodium thiopentone, anaesthesia is maintained 
_ through a tracheotomy opening with an ether oxygen mixture delivered 
from a Boyle’s machine. 

_. The abdomen is opened from xiphisternum to symphisis pubis through 
the linea alba. A double tape ligature is passed around the first part of 
the duodenum which is then divided. A is at 
_ the recto-sigmoid junction. : 
The whole of the gut is carefully lifted and its large vascular pedicle tied 
_by means of a transfixing ligature. A large pair of Kelly’s forceps is now — 
put on above the pedicle tie for safety, and the vessels are divided to 
_ complete the evisceration. The spleen is next removed. A stomach tube is 


AS 
+ 
WHA 
a 
‘A 
as 
} 
i 


43P PROCEEDINGS OF THE PH ——, 


then passed through the mouth and is used to guide the operator as a tape . 


is put around the oesophagus above the cardia. This tape ties the tube 
firmly in position and occludes the oesophageal blood vessels. 

The stomach is next turned back and the hepatic portal vein, superior 
mesenteric vein and splenic vein identified and cleaned by careful dissec- 
tion. Thread ligatures are passed around them in such a way that with the 
portal vein tied a cannula placed in the superior mesenteric vein will collect 
the venous effluent from the stomach. If necessary a further tape is tied 
around the duodenum to include the pancreas and reduce the collection of 
drainage from this organ to a minimum. 

One carotid artery and both femoral veins are prepared for cannulation. 

The animal is given an hour’s respite and then heparinized. (50 mg). 
A carotid cannula is used to obtain a blood-pressure record. One femioral 
vein cannula is used to replace the venous blood collected from the superior 
mesenteric vein. The other one carries a fine length of nylan catheter con- 
—hected to a constant rate infusion apparatus by means of which the effect 
of drugs upon both gastric secretion and stomach blood flow can be studied. 

The stomach tube is connected to a constant-suction apparatus. 


Blood flow is measured with a photo-electric drop counter and recorded 


on a kymograph by a Thorp impulse counter. 
The effluent is returned to the animal at approximately this same rate 
through a warmed polythene coil and is impelled by a pump. 
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Qualitative assessment of variations in gingival blood flow in the 
rabbit. By R. M. Browne. Department of Dental Surgery, University 
of Birmingham 


The measurement of the temperature of the gingiva has been used as an 
‘index of rapid changes in the blood flow through it. The determinations 
were made with a simple thermocouple system. : 

The thermocouples were constructed from copper and constantan wires 
of a diameter of 0-019 cm (36 s.w.c.). The thermojunctions were soldered 
with a copper-zinc-silver alloy which contained no lead. The wires were 
enamelled and enelosed in a double-bore plastic sheath. 

The thermojunctions were connected by the single constantan wire which 
was approximately 3ft. (91cm) long. Two copper wires led from the 
thermo-junctions to the recording instrument. These were also approxi- 
mately 3 ft. in length. The wires being enclosed in double-bore tubing, 
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the entire wiring system consisted of a compact ee unit, each arm 
of the Y being approximately 18 in. long. 

The variations in potential difference in the circuit were recorded with 
a Cambridge spot galvanometer of low resistance (approx. 25). The 
_ yoltage produced by these thermocouples is 40 .V/° C temperature dif- 
ference. The circuit was such that a full-scale deflexion was produced by 
approximately 350 »V, representing a range of about 9° C. 

The reference thermocouple was placed in cedar-wood oil over ether 


§ which was boiling into a reflux condenser. Heat was provided by an elec- 


tric light bulb. The temperature of the reference thermocouple was there- 
fore maintained at 34~-35° C, its exact value depending on the barometric 
pressure. With the galvanometer zeroed in the centre of the scale, a range 
of something like 31-0—40-0° C is obtained. The exact value of this scale 
~ was established by calibrating it with the feeler thermocouple adjacent 
_ to the bulb of a mercury thermometer and immersed in a water-bath: the 
- calibration was made on each occasion that the apparatus was used and 
the linearity of the resulting graph established the integrity of the circuit. 

Rabbits were anaesthetized with ether by the open drop method. 
_ Tracheotomy was performed and a set of respiratory valves attached to 
the tracheal cannula. Air breathed by the rabbits was then drawn over 
_ ether in a jar. The blood pressure was recorded by a mercury manometer 
from the femoral artery. The feeler thermocouple was passed down the 
gingival crevice, between the incisor tooth and its surrounding soft tissue 
- until resistance to minimal pressure was encountered. It was maintained 
firmly in place by a supporting splint which was cemented to the tooth. 
_ This carried a small tube which was parallel with the long axis of the tooth 
and through which the plastic sheath just passed. When the thermocouple 
was correctly in place the plastic sheath was cemented into its supporting 
tube. The dimensions of the splint were such that the lips were able to 


lie tm situ with a minimum of distortion. 


_ By this method temperature variations in the gingivae in response to 
- various stimuli were studied. 


_ A method for recording the electrical activity of the brain in the 
conscious rhesus monkey. By P. B. Brapiey and A. N. 
Nicnotson. M.R.C. Neuropharmacology Research Group, The 

Medical School, Birmingham 15 


_ A new apparatus for human stereotactic surgery in the treatment 
of involuntary movement, epilepsy and intractable pain. By 
B. Hueuss. Department of N eurosurgery, Goes Elizabeth Hospital, 
Birmingham 15 
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Macrophages in dental tissues of young rats. By M. N. Naytor. 
Department of Dentistry, Guy’s Hospital, London, S.H. 1 


Model heart. By R. Licurwoop and E. J. Hamiry. Department of 
Physiology, University of Birmingham 


Equipment for micro-electrode study of normal cortex. By I. C. 
Wuirrietp. Department of Physiology, University of Birmingham 


Binding of “C-J11 by isolated tissue. By J. D. P. Granam. Depart- 
ment of Pharmacology, Welsh National School of Medicine, Cardiff 


Fifteen strips from the uteri of five pregnant rabbits were mounted in 
10 ml. baths and the response to adrenaline 0-5 ug/ml. demonstrated. The 
dibenamine-like compound N-ethy]-N'-naphthylmethy]-2-bromoethy]- 
amine (J 11 of Graham & Lewis 1954), labelled with “C on the methylene 
of the aromatic group to a specific activity of 4 uc/mg was added in a 
concentration of 1 »g/ml. and left for 30 min. At intervals up to 18 hr 
the response to adrenaline was tested, fluid being changed each time. The 
total specific activity in the washings and tissues was determined by a 
method involving the use of a liquid phosphor. In all cases the response 
.to adrenaline was absent, and at 18 hr the tissue contained 7 + 23% of 
the total 4C-J 11 added. In twenty trials where the same amount of 
the labelled compound was added to a 50 ml. flask and to the baths 
95 + 5-4% of the control activity waarecovered. All radioactive material 


is cleared from a bath in three washes. Twenty strips were taken from — 


seven uteri, ten put in baths containing 10-ml. of Krebs’s solution and 10 
' in m/4 solution of Na,S,O, in Krebs’s fluid. After 30 min all tissues were 
tested for response to adrenaline, removed, washed, weighed, homogenized 
-and the washings and tissues counted in triplicate. The fluids containing 
thiosulphate had greater activity than the fluids without (P < 0-001); 


_ the tissues exposed to thiosulphate contained less activity than those not 


exposed to it by some 50% (P < 0-001); the totals in the baths and tissues 
did not differ by more than 3%; the tissues were no longer blocked to 
adrenaline in the characteristic non-competitive way by the added J 11. 
10 yg (0-4 wc) “C-J 11 was added to each of twenty-one collodion bags, 
containing 1-5 g homogenized rabbit uterus or liver, water, or 1°5 ml. 
plasma in 5 ml. Locke’s solution and dialysed at 37° C in 25 ml. Locke’s 
solution. Counts in triplicate from outside were done at intervals for 
24 hr. The uterus and plasma bind the drug equally (about 30%) at that 
time, the liver about 50%. 100 ug compound was mixed with 0-9 ml. 
plasma, serum or Locke’s solution and run for 16 hr at 150 V, 8 mA, 
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pH 8-6, on horizontal paper electrophoresis. Staining the protein and 

comparing it with autoradiographs showed that all the ™C-activity 

travelled with albumin. _ | 

The evidence suggests that dibenamine-like compounds are firmly 
attached to large protein molecules while activity persists. | 
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Liberation of pyrogen by rabbit leucocytes. By K. E. Coopmr, 
W. I. Cranston and J. H. Fesstzr. MV. RC. Group for Research on 
Body Temperature Regulation, Department of the Regius Professor of 
Medicine, The Radcliffe Infirmary, Oxford 


Bennett & Beeson (1953) caused fevers in rabbits by tinleoticas ground-up 
leucocytes from other rabbits. According to one hypothesis (Wood, 1958) 
leucocytes release a fever-producing material, called endogenous pyrogen, 
during fever. We. find that, although active endogenous pyrogen is not 
present in leucocytes, it is made on incubation in normal saline. 

Rabbit leucocytes were collected at 4° C from blood or from peritoneal 
_ exudates induced by sterile 3% starch solutions, and washed three times 
in 0-9% NaCl solution. Leucocyte preparations (2x10? cells/kg) were 

_ injected intravenously into other rabbits and the areas of their temperature- 
time Curves were used as fever indices (Wendt, Snell, Goodale & Cranston, 
1956). The mean fever index of fifty uninjected rabbits was 0-25, s.x. 
-0:07,°C.hr. Cells incubated at 37°C for 1 hr caused fever (fever index 
1-25, s.B. 0-10,° C.hr) while cells kept at 4° C were not pyrogenic (fever | 

index 0:49, 0-17,° C.hr). 
_ Ultrasonic disintegration of leucocytes at 4° C failed to release any 
pyrogen. This treatment did not affect the pyrogenicity of cells first 
incubated at 37° C. The formation of pyrogen was greatest after 1—6 hr 
incubation. It was abolished if the cells were first heated to 56°C for 
30 min, or repeatedly frozen and thawed; these treatments did not affect 
the action of previously formed pyrogen. 

Because rabbits are chronically infected with Eimeria stiedae (Mac- 
_ donald, 1957), some were treated with nitrofurazone (5-nitro-2-furalde- 
_ hyde semicarbazone). Leucocytes from such rabbits produced significantly 
_ less pyrogen, 0-37, s.z. 0-07,° C.hr, on incubation at 37° C. Nitrofurazone 

added in vitro before incubation to buffered cells from untreated animals 
_ also affects the formation of pyrogen. Neither intact nor ultrasonically 
disintegrated Eimeria spores caused a fever on intravenous injection. 
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Thus active pyrogenic material is not normally present in rabbit leuco- 
-_eytes, though it can be formed on incubation in vitro. Previous treatment 
of donor rabbits with nitrofurazone interferes with this process. While the 


pyrogenic material formed on incubation could be due to microbial con- 


tamination, bacteriological tests have been consistently negative and the 
most likely contaminant, Himeria stiedae, is not pyrogenic when majented 
intravenously. 
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The calorigenic action of noradrenaline in the new-born kitten: 
its inhibition by hypoxia. By R. E. Moorz and Mary C. Unpr- 
‘woop. Department of Physiology, Royal Free Hospital School of 
Medicine, London, W.C.1 


It was recently reported (Moore & Underwood, 1960) that noradrenaline 
in doses of 400 yg/kg injected subcutaneously into new-born kittens at 
35° C was calorigenic, whereas adrenaline was not. 

In view of the effect of hypoxia in the new-born kitten in reducing heat 
production (Hill, 1959; Moore, 1959) it was of interest to determine the 
effect of hypoxia on the noradrenaline response. We therefore subjected 
unanaesthetized kittens at 35° C to various degrees of hypoxia before and 
after a single injection of L-noradrenaline (400 wg/kg). Oxygen consump- 
tion, rectal and skin temperatures were measured as previously described. 
It was observed that hypoxia consistently inhibited the noradrenaline 
stimulus to heat production in seventeen experiments on kittens between 
the ages of 12 hr and 20 days. Control experiments were carried out on all 
occasions with litter-mates, in all of iene noradrenaline produced a 
marked rise in heat production. 

It did not matter at which stage hypoxia was induced. If this was during 
the course of a noradrenaline response, then there was an immediate fall 
in heat production, if before, then either no response or a smaller response 
__ was observed. The degree of hypoxia influenced the result, inhibition begin- 
ning at an inspired pO, of between 100 and 120 mm Hg, and being com- 
plete at between pO, 70 and 80 mm Hg. If the animal was held in hypoxia 
until the expected duration of the noradrenaline response was over, then 

re-oxygenation produced no increase in heat production. Re-oxygenation 
before this restored the level of heat production to a level comparable with 
that of the control animal at the same ‘ime afte.. injection of noradrenaline. 
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In other words, hypoxia did not simply delay the response, but appeared 
to suppress it. 

In view of this finding it would be reasonable to interpret the hypoxic 
depression of heat production in new-born kittens as, in part at least, a 
depression of an existing noradrenaline calorigenic stimulus. This would 

explain why hypoxia is more effective a depressant at lower, than at higher 
environmental temperatures. 


REFERENCES 


Huu, J. R. (1959). J. Physiol. 149, 346-373. 
Moore, R. E. (1959). J. Physiol. 149, 500-518. 
Moore, R. E. & UnpERWoop, M. C. (1960). J. Physiol. 150, 13-14P. 


- Initiation of cutaneous sensory nerve impulses. By R. W. Murray. 
| Department of Zoology and Comparative Physiology, University of 
Birmingham 


The impulse discharge from uals cutaneous fibres in elasmobranch fish 
can be recorded without dissection by a wire electrode resting lightly on 
_ the surface of the skin and an indifferent electrode elsewhere on the body. 
Mechanical stimulation with or alongside the wire electrode results in a 
brief burst of impulses completely adapting in a few seconds. __ 
_ The individual action potentials are diphasic and each phase is of 
-- longer duration (1—8 msec) than when recorded conventionally from the 
same nerves farther from the skin. The first phase is always positive at 
the electrode at the stimulated site. The shape and polarity of the poten- 
tials resulting from this mechanical stimulation are the same as those 
_ resulting from antidromic, electrical stimulation of the nerve more proxi- 
mally. The latency of impulse initiation with mechanical stimulation is 
_ longer the weaker the stimulus, with an observed limit of 30 msec in one 
preparation at threshold, falling to about 4 msec with strong stimulation. 
The nerve fibres run in small bundles through channels in the compact 
fibrous layer of the dermis, lose their myelination and end in fine branches 
beneath and probably in the epidermis. It is suggested that this fibrous 
layer forms a high-resistance region effectively separating the two elec- 
trodes in the same way as an air gap separates the two pools of saline 
_in an isolated fibre experiment. Recording of impulses is only possible 
while they pass through this region, the potentials being short-circuited 
_ by the tissue fluids when they are elsewhere. The positive phase of the 
diphasic potential thus represents activity of the nerve at the end of the 
channel through the fibrous layer farther from the surface, and the nega- 
_ tive phase activity at the surface end. 
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It is suggested that the effect of the mechanical stimulus on the nerve 
endings must be transmitted by a means not experimentally detectable 
to a point on the stem axon lying on the far side of the fibrous layer where 
a propagated impulse is initiated. From this point the impulse must travel 
in both directions along the nerve, not only onwards to the c.n.s. but also 
back towards the skin, and it is the latter antidromically propagating 
action potential which is recorded, even with mechanical stimulation. The 
way in which the presumed depolarization of the non-myelinated terminal 
regions of the nerve could influence the stem region where impulses are 
initiated may be either simple electrotonic spread, in which case the long 
latencies are to be explained in terms of a long ‘response time’ (Hodgkin, 
1948), or else a kind of slow, graded and possibly decremental conduction 
analogous to that found in dendrites (see Purpura, 1959). 
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Reflex activation of vasodilator nerve fibres to skeletal muscle 
in decerebrate and intact cats. By V.C. ABkanams, M. Hitton 
and A. Zprozyna*. The National Institute for Medical Research, 
Mill Hill, London, N.W.7 


Certain regions of the hypothalamus and mesencephalon appear to act 
as reflex centres for the defence reaction (Abrahams, Hilton & Zbrozyna, 
1959; Abrahams, Hilton & Malcolm, 1959). Part of this reaction is a 
cardiovascular response which includes active muscle vasodilatation. 

Active muscle vasodilatation has now been obtained as a reflex response 
in high decerebrate cats, in which the hypothalamus and mesencephalic 
structures have been spared. When the ether has worn off, electrical 
stimulation of the skin produces most of the signs of the defence reaction 
including the features observed in similar experiments by Woodworth & 
Sherrington (1904) and termed the pseudaffective reflex. 

In our decerebrate cats venous outflow was recorded from an innervated 
gastrocnemius muscle perfused by a heparinized donor cat. Movements 
of the perfused muscle were prevented by section of the spinal cord between 
L5 and L6, It was found that the reflex response to skin stimulation 
included a large and prolonged increase in muscle blood flow due to activa- 
_tion of cholinergic vasodilator nerve fibres. 

When decerebration removed a substantial part of the hypothalamus 
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the skin stimulation no longer produced muscle vasodilatation but still. -- - 


elicited many features of the behavioural response. 
If the defence reaction is produced in the intact non-anaesthetized cat 


by electrical stimulation of the hypothalamus, the response is graded 


according to the strength of stimulation. Threshold stimulation does not 
produce fight or flight. It produces alerting, but already with pronounced 
muscle vasodilatation, as shown when muscle blood flow is registered 
using the venous temperature technique (Abrahams, 1959). Confirmation 


that this vasodilatation, like that in the decerebrate cat, is due to activation 


of cholinergic vasodilator fibres was obtained by asad that it is reduced 
or abolished by atropine. 


These same behavioural and cardiovascular ieidhenes are obtained 
reflexly in the intact cat on nociceptive stimulation such as electric shocks 
to the foot. pads...Any stimulus which produces the alerting reaction also 


--eli¢its the active muscle vasodilatation. For instance, a loud note sustained 
for 10 sec usually produces these responses at least at the first trial. On 


repetition of the note, however, the responses usually diminish and are 
absent by the 5th trial. In a few cats this habituation to repeated stimula- 
tion was not seen. 


_. When an auditory stimulus does not itself produce responses it is possible 
to show that a conditioned vasodilator response can be developed to such 


a stimulus, by combining it with nociceptive stimulation 4 or 5 times. 
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“The chemical nature of the menstrual stimulant. By R. F. C: 


Brown, H. J. Crirmproer and V. R. Pickies. M.R.C. Department 
of Experimental Medicine, University of Cambridge 


Changes in oxygen consumption and cytochrome C in the dia- 


phragm of acclimatized rats. By Marjorie W. DuckwortTu. 


Department of Physiology, Royat Free Hospital School Bes Medicine, 
London, W.C. 1 


Prévious investigations into the mechanisms involved in the physio- 


logical adaptation to chronic hypoxia have established respiratory and 
circulatory changes. In spite of these adaptations it is probable that the — 
_ tissue oxygen pressure is still below normal in the fully acclimatized state ; 
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whether such a low pressure of oxygen in the tissues produces any adapta- 
tion of the cellilar metabolism has prompted investigations into tissue 
oxygen consumption. 


In the present work oxygen uptakes of the diaphrsgin muscle ave 


been measured by the Warburg technique; the tissues were taken from 
rats kept under normal atmospheric conditions and from rats acclimatized 
for several months to approximately 10% oxygen in inspired air. Results 
showed that the qo, (ul. O,/mg wetwt: tissue/hr) was reduced in the 


diaphragm from acelimatized particularly at: low in vitro oxygen 
pressures. 


There was no significant dine; in the water content of the tissues 
from the two groups of animals. The levels of cytochrome C in the dia- 


phragm muscle were significantly lower in the acclimatized rats. 


Identification of a new neurohypophysial hormone. By H. Hetizr 
and B. T. PickmrRina. Department of Pharmacology, University of 
Bristol 


Neurohypophysial extracts from cold-blooded vertebrates and birds 
affect the water balance of frogs more markedly than extracts of mammalian 
pituitaries (Heller, 1941; Sawyer, 1957). This led to the hypothesis that 
they contain a peptide hormone (provisionally called ‘water balance prin- 
ciple’) which is neither oxytocin nor vasopressin (Heller, 1941). Recently 


’ further pharmacological and chromatographic evidence has been ad- 


vanced for the occurrence of such a hormone in the pituitaries of teleosts, 
amphibians, reptiles and birds (Pickering & Heller, 1959; Sawyer, Munsick 
& van Dyke, 1959). Attempts have now been made to identify this 
peptide. 

A procedure for the purification of oxytocin and vasopressin (Acher, 
Light & du Vigneaud, 1958), entailing ion-exchange chromatography, was 


_ applied to extracts of lyophilized fish (pollock) pituitaries. The active 


material thus obtained was further purified by paper chromatography 1 in 
butanol-acetic acid—water. 

Sawyer et al. (1959) found that extracts of the pituitaries of several 
lower vertebrates, including teleosts,.had the pharmacological properties 
of arginine vasotocin, a synthetic vasopressin analogue prepared by 
Katsoyannis & du Vigneaud (1958). The purified pollock pituitary peptide 
was, therefore, compared with arginine vasotocin (kindly supplied by 


Professor du Vigneaud). 


Paper chromatograms of vasotocin and the pollock peptide, side by 
side, were developed with three solvent systems. In each case the pollock 
peptide moved the same distance as vasotocin. The R, values in each 
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“golvent were as follows: butanol—acetic: acid—water, 4: (descending), . 
0-31; ammonium sulphate—cellosolve—water, 20:24:56 by weight (descend- 
ing), 0-75; ethyl acetate-acetic acid—formic acid—water, 18:3:1:4 
_ ing), 0-13. 


A sample of the purified sntidie: was hydrolysed with 6x-HC! at 0° C 


for 48 hr and the hydrolysate subjected to two-dimensional paper chro- 


matography in (a) butanol-acetic acid—water and (b) «-picoline—water. 


A mixture of the hydrochlorides of the amino acids present in’ vasotocin 
- was chromatographed simultaneously. Both chromatograms were stained 


first with ninhydrin and then by the technique of Reindel & Hoppe (1954). 
All the spots visible on the chromatogram of the mixture also appeared on 
that of the peptide hydrolysate, but the latter showed two additional spots, 
one corresponding to alanine and another, not revealed by ninhydrin, 


probably due to a peptide fragment. 


These results, together with the pharmacological evidence, lead us to 


believe that the peptide isolated from pollock pituitaries is with 
vasotocin, which has the structure 


| 
Cys. Tyr. lleu.Glu(NH,).Asp(NH,).CyS. Pro. Arg.Gly(NH,) 
We are much indebted to Dr Grace Pickford and Professor A. E. Wilhelmi for the supply - 


~ of the pollock pituitary powder. 
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The effect of calcium on rat diaphragm muscle fibres. By 


 —D. H. Pavt. Department of Zoology and Comparative Physiology, 
University of Birmingham 


Calcium has previously been observed to produce a depression of the 


3 twitch height of an indirectly stimulated rat phrenic-nerve diaphragm 
(Paul, 1957), and the action was ascribed to a direct effect on the excitability 


of the muscle fibres. This type of depression can be obtained equally well 


- on @ curarized preparation, and can be recorded both isotonically, and 


isometrically. A 4 mm increase in CaCl, concentration produces a marked 
depression of twitch height or tension within a few seconds. This effect is not 


- osmotic and.cannot be duplicated by increasing the NaCl concentration. 


Measurements of membrane potentials of muscle fibres have also been 
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made with glass. micrépipettes filled with 2-5 m-KCl. Increasing the CaCl, 
concentration by 10 mm resulted in a rise of membrane potential from 
83-0. mV + 1-4 (8.5. ‘of 12) to 91-6 mV +4;2 (s.n. of 8; P < 0-01 by ¢ test). 
Similar results have ‘been reported for both frog and rat muscle fibres 
(Jenerick & Gerard, 1953; Grossweiler, Kipfer, Poretti & Rummel, 1954). 
No effect: could be demonstrated on the tissue contents of Na+ and K+ 
_in- muscles soaked in Krebs’s solution with high CaCl, concentration. In 
normal Krebs’s solution (2-6 mm-CaCl,) after 1-5 hr soaking the Na+ 
content was 69-2 m-equiv/kg wet tissue + 3-5 (s.z. of 8) and the K+ content 
was 52-0 m-equiv/kg wet tissue + 1-9 (s:8. of 8). Corresponding figures for 
muscles soaked in solutions with 3 and 5 times normal CaCl, were Nat, 
71-8 + 3-9 (s.m. of 7) and 69-6 + 6-0 (s.x. of 5); K+, 50-8 + 2-6 (s.m. of 7) and 
55-0 + 3-1 (s.. of 5). In neither case is the Nat or K+ content of a tissue 
soaked in a solution with high CaCl, concentration significantly different 
from the value for a tissue soaked in normal Krebs’s solution. 

These results are in agreement with the many observations that high 
concentrations of Ca*+ reduce the excitability of: excitable tissues in 
general by causing hyperpolarization. | 
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Equilibration between water vapour and human skin. By 
P. Dirnuuser and R. T. Treaear. Chemical Defence Experimental 
Establishment, Porton Down, Salisbury, Wiltshire 


Buettner (1959) suggested that water is reabsorbed actively by the 
epidermis. If so, free water should never appear on the surface of non- 
sweating skin and the aqueous vapour pressure (v.P.) at equilibrium with 
the skin surface should always be lower than the s.v.P. of water at the 
_ surface temperature (p,). 

: Insensible water loss from the human back was studied by measuring 
* the changes in v.P. within a cell (2 cm x 30 cm*) pressed on to the skin. 
- The cell was kept at a constant temperature }-2°C above that of the 
skin within it (37-39° C) to prevent water condensing on the walls, and the 
V.P. was measured with a dew-point hygrometer; ten tests were carried out. 
The subjects were prone, clothed, in a room at 20-23° C. As it is unusua! 
to obtain local sweating at skin temperatures under 40° C (Randall, 1947) 
sweating was not to be expected and none was detectable within the cell: 
moreover, atropine electrophoresis (0:3 coulombs/cm?) had no effect on the 
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v.P. obtained, although it greatly reduced the local sweat 


response to exercise. 
After the cell was sealed the v.p. rose exponentially with time; the 


_ calculated rate of water loss at a v.P. of 15 mm Hg (23° C at 75 % r.h.) was 
pg/em*/min, or approx. 0-2 wg/em?/min/mm Hg difference from p,. This 


is somewhat lower than has been previously reported (Pinson, 1942) pos- 
sibly because the air in our cell was unstirred. The exponential rise of v.P. 
was nearly complete in 20 min, but instead of reaching a steady level 


_ it continued to increase slowly (approx. 0-05 mm Hg/min). After 100 min 


the pressure was, on average, 5mm Hg below p,, and just perceptibly 
rising. In three experiments, continued longer, dew was allowed to con- 


_ dense on the hygrometer for 20 min and was then dispelled. This raised the 
_ v.P. to within 2 mm of p,, from which level it fell extremely slowly (approx. 
0-01 mm Hg/min) during the following 150 min, suggesting that equili- 
_ brium oceurs between 3 and 5 mm Hg below 9,. 


When a small free water surface was introduced into the cell the full 
value of p, was quickly reached so that very little, if any, free water can 
have been present on the skin in our experiments and the keratin cannot 
have been completely saturated with water. Whether this was due to 


incomplete equilibration in the time available or to an active reabsorption 
_isuncertain. Ifthe latter, the rate of reabsorption was probably not greater 

than 1 ug/cm?/min, for the v.P. depression was 3—-5 mm siete and the water 
loss 0-2 Hg below »,. 
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Potassium salts and the resting potentials observed with micro- 


pipette electrodes in slices of mammalian cerebral cortex in 
vitro. By H. H. Himuman and H. Mcitwatn. Department of 
Biochemistry, Institute of Psychiatry, London, S.E. 5 , 


The slices, 300 » thick, were incubated at 37° C at the surface of oxy- 


_ genated glucose salines buffered with bicarbonate-CO,, and maintained 
resting potentials observed (Li & McIlwain, 1957). In nine recent experi- 
_ nents with slices from the parietal cortex of the guinea-pig and the frontal 
lobe of man, and taking the maximum voltage recorded in each penetra- - 
tion, 269 penetrations showed resting potentials averaging 58+ 12 mV 
_(8.D.).. Potentials were normally observed for periods of some seconds, and 
_ in some cases were stable for several minutes; any lasting less than 0-1 sec 
_ were not taken into account. Tissues from the rat gave similar values. 
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In tissue incubated in media which initially contained no potassium 
salts, no resting potentials could be recorded. Subsequent addition of KC! 
to 6mm resulted in the appearance of a few potentials 30-40 mV in 
amplitude. In tissue incubated in media with less than 5 mm-K*, resting 
potentials were lower than in tissues from media 5 mm in Kt, and higher 
potentials were recorded on adding KCl to give 5 mM-K+t. Resting poten- 
tials decreased with increase in K+ between 5 and 15 mm, usually being 
absent at K+ concentrations of 15-20 mm. After such depolarization, 
change of media to one with 5 mm-K* restored potentials. 

The additional presence of glutamate ions in glucose salines has been 
» reported to raise the K+ associated with a given weight of cerebral tissue 
(Terner, Eggleston & Krebs, 1950; Pappius & Elliott, 1956). In the present 
experiments addition of Na L-glutamate to 20 mm resulted in a significant 
fall in resting potential; in four experiments totalling 105 readings, values 
of 60+ 17 mV (mean and s.D.) were recorded during the control period; 
these became 44+20 with glutamate (P < 0-001) and rose to 51419 
(P = 0-01) on changing the solution back to one without glutamate. The 
fall might be related to the action of glutamate in depleting the tissue 
phosphocreatine (MclIlwain, 1952). | 

We are greatly indebted to Dr O. Hutter for advice and to Miss M. Juster for technical 
assistance. 
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Gangliosides and basic proteins which condition the response 
_ of cerebral tissues to electrical pulses. By H. McIuwaw. 
Department of Biochemistry, Institute of Psychiatry, M — Hospital, 
London, 8.E. 5 


Mutual effects of gangliosides and basic proteins on the response, shown 
first by examining an unresponsive state induced by keeping cerebral 
tissues in cold media (McIlwain, 1959, 1960), have now been studied in more 
detail by adding the individual materials to normal cerebral tissue. Res- 
piration and glycolysis, and respiratory and glycolytic response to electrical 
pulses, were measured while the tissues were in saline-glucose mixtures 
with the added materials. Gangliosides, which occur almost exclusively 
in neural tissues (Long & Staples, 1959) and are large molecules of unusua! 
oil-water solubility, were prepared according to the method of Folch. 
Lees & Sloane-Stanley (1957). 
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The basic proteins were potent inhibitors of response to pulses. Pro- 
tamine specimens were found to inhibit by 50°% when added at 40 pg/ml. 
or about 0-9 pmole/g tissue; a synthetic poly-t-lysine was similarly 
active at 50 ug/ml. or 1 »wmole/g tissue; and histone preparations at 
80 ug/ml. or about 0-4—0-6 »mole/g tissue. After inhibition by incubation 
with the protamine, response was not restored by repeatedly washing 
the tissue nor by incubation in media lacking protamine. Response was 


_ restored by incubation with media to which ganglioside preparations had 


~ been added at 130 pg/ml. or about 0-7 pm. 


Neuraminic acid, which gives the gangliosides their acidic character, 


- occurs in the cerebral cortex at 1-7 ,mole/g tissue (Long & Staples 1959); 


50% inhibition by the basic proteins and polypeptides was thus caused by 
quantities of them which were 30-50% of the molar equivalent: of the 


 neuraminic acid of the tissue specimen on which they acted. Combination 


may be pictured to be analogous to that of the electron micrographs with 
which Katchalsky, Danon, Nevo & de Vries (1959) have illustrated the 
combination of the basic polypeptides with erythrocytes. Neuraminic acid 


_ of large molecules also contributes the major acidic groups to the erythro- 


cyte membrane (Gottschalk & Klenk: Symposium, 1958). In cerebral 
tissues an analogous action at membranes could be understood to impede 
ion movement associated with the tissue’s response.- A normal role of the 
groups with which the protamine interacts is adumbrated in the finding 
that inhibition by protamine is markedly dependent on the calcium content 
of the medium to which it is added. . Inhibition of response by 0-1 mg of a 


_ protamine/ml. fell from about 95% in media 0-54 or 2-7 mm in Ca?*, to 


< 10% in media with 27 mm Ca?*. 
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Adenosinetriphosphatase activity and ion movements. By E. T. 
DunuamM and I. M. Giynn. Laboratory, University of 
Cambridge 


The mammalian red cell membrane uses glycolytic energy to pump K into — 
che cell and Na out of it. The present experiments were designed to see 
whether ce ATP-ase activity known to be associated with the cell mem- 
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brane (Clarkson & Maizels, 1952; Caffrey, Tremblay, Gabrio & Huennekens, 
1956; Herbert, 1956) is connected with these ion movements. 

Washed human red-cell ghosts were incubated at 37°C with salt solutions 
containing ATP, and the rate of splitting was followed by measurement of 
the inorganic phosphate formed. The effects of pH, ATP concentration, 
Mg, Ca, Na; K, and strophanthin (ouabain) were studied. 

In the absence of divalent cations the ghosts showed almost no ATP-ase 
activity. Low concentrations of Mg had a powerful activating effect. Ca 
ions alone caused only slight activation but, in the presence of Mg, Ca 
caused very marked activation at low concentrations and inhibition at 
higher concentrations. The level at which inhibition occurred depended 
on the Ca: Mg ratio, not on the absolute level of Ca. 

The effects of Mg and ATP concentration on activity cannot be explained 
simply in terms of the concentration of Mg-ATP complex in the solution, 
and it seems thdt Mg must affect the enzyme or enzymes directly. 

In the presence of Mg and absence of Ca activity was much increased if 
both Na and K were added, though either ion alone had no effect. The 
size of the increase depended on the Mg level. The relationship between the 
increase in activity and the relative amounts of Na and K added is 
complicated, as the optimal concentration of each depended on the con- 
centration of the other. Strophanthin at a concentration of 10-°m, which 


is known to inhibit Na and K transport (Schatzmann, 1953), completely | 


prevented the activating effect of Na+ K on ATP-ase activity. A similar 


result was reported recently by Post (1959). At much lower concentrations 


of strophanthin (6-8.x 10-8 m) inhibition of the extra activity was marked 
at low K concentrations but became progressively less as the K concentra- 
tion was raised. This is.significant because the inhibition of K influx in 
intact red cells by low concentrations of cardiac glycosides is similarly 
reversed by raising the external K concentration (Glynn, 1957). Experi- 


ments with certain modified cardiac glycosides showed that modifications — 


which are known to reduce the inhibitory effect on the pump (Glynn, 
1957) also reduced the inhibitory effect on the NatK activated ATP-ase. 

The results suggest,that there is an intimate connexion between active 
_ Jon movements and the splitting of ATP in the membrane. 
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Responses of single neurones in nucleus gracilis of the cat to 
lemniscal and cerebellar stimulation. By G. Gorpon and 
W. A. Srep*. Laboratory of Physiology, University of Oxford 


N. gracilis is functionally differentiated, in that cells in its middle (3 mm 
long) section have small skin receptive areas while those in the caudal 
and more particularly in the rostral (4 mm long) section have large areas; 
and mutual inhibition is prominent among cells of the middle section 
(Gordon & Paine, 1959). We have investigated this organization further 
by firing impulses into the nucleus, under pentobarbitone sodium anaes- 
thesia, either from the contralateral medial lemniscus in the caudal thala- 
mus or from the cortex of the ipsilateral anterior lobe of the cerebellum. 

Responses of those cells whose receptive areas included the hind foot 
fell into two categories: 

(a) Cells responding to single shocks with one spike at constant threshold 
and with short fixed latency (lemniscus, 1-3 msec; cerebellum 1—1-9 msec). 
At twice threshold an early second shock was effective after 0-4-0-9 msec, 
and brief tetani of 500-1350/sec were followed. All figures represent ranges 
_ observed in the cell population studied. We consider such responses to be 
antidromic. 

(6) Cells responding to single shocks with one or more spikes, with 
variable threshold and long variable latency (3-5 msec upwards); and 
responding to second shocks after 1-5-4-5 msec. We have called these 
trans-synaptic responses. 

Cells responding antidromically to lemniscal were distributed 
_. throughout the nucleus. In the middle section 84% (of 80) cells were 

- fired—in one experiment all cells found there (15) were fired. Percentages 
in the other sections were lower (rostral 73%; caudal 58%). Antidromic 
responses to cerebellar stimulation were investigated in a few experiments: 
eleven such cells were found in the rostral section and none elsewhere, and 
their receptive areas were among the largest even in this section (mean 
60 cm?). 

Cells responding trans-synaptically were almost confined to the rostral 
section (11 out of 12 cells studied, in a limited investigation), conditions 
being such that their presence elsewhere would have been noticed. All 
were fired from the lemniscal region at thresholds comparable with those 
for antidromic responses. Their skin areas were normal for the rostral 
section (mean 15 cm?). 

Probably almost all the cells in the middle section of the nucleus project 
_ directly to the thalamus through the lemniscus, and there are few if any 

interneurones. Many cells in the rostral and caudal sections also project 
in this way ; a some in the rostral section project to the cerebellum. 

M.R.C. Scholar. 
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Several explanations are possible for the trans-synaptic effects. It seems 
likely that they result from antidromic excitation of axons having col- 
laterals ending directly or through interneurones on the cells studied. One 
possibility is that cells in the rostral section owe their wider receptive areas 
to convergence of collaterals from cells with smaller areas lying more 
caudal. 
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The effect of temperature and pH on the facilitated transfer of 
glucose across the human erythrocyte membrane. By A. K.Sen 
and W. F. Wippas. Department of Physiology, King’s College, 
London, W.C.2 


By following the volume changes of red cells during glucose loss into 
outside media containing low concentrations of glucose it is possible to 
determine: (i) the half-saturation constant (Sen & Widdas 1960), and 
(ii) the maximum rate of the facilitated transfer system for sugars. 

This technique has been used to study the effects of — at. 37° C and of 
temperature change at pH 7-4. 

The effect of pH was studied over the range pH 5-4-8-4, but the half- 
saturation constant (,) only varied from about 3-4 at pH 5-4 to 4-1 at 
pH 8-4. The change was just statistically significant (P < 0-05). The 
maximum rate of exit showed greater variations over this pH range which 
_ were statistically significant (P < 0-001) and could be represented ” the 
regression equation. | 

Maximum rate (K) = 0-17 (pH — 0-87) iso-quantities/min. 

The change with temperature was more striking. The half-saturation 
constant decreased at low temperatures and the variation between 7° C 
(0-6 mm) and 37° C (4:0 mm) was more than sixfold. It was found that 


the logarithm of the half-saturation constant varied linearly with the — 


reciprocal of the absolute temperature and the slope of such a plot (which 
is negative) corresponds to an energy of 10,000 cal/mole being required for 
the dissociation of the glucose complex. 

The maximum rate of transfer varied by a factor of 22 over the same 
_ temperature range and a plot of the logarithm of the rate was not linear 
with the reciprocal of the absolute temperature but was concave down- 
wards. This type of plot has been discussed by Stearn (1949) in regard to _ 
successive reactions in enzyme studies. 

These findings suggest that whereas the laimasion and dissociation of 
a complex between glucose and a membrane component could be a simple 
chemical process, passage of glucose (or the through the 
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does not depend simply on a single activation energy and could involve 


a series of steps. 
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The effect of cooling the legs on the rate of sweat production 
from the forearm, when the rest of the body surface is not 
exchanging heat. By D. F. Bresnzer and D. MoK. 
R.A.F. Institute of Aviation Medicine, Farnborough, Hants. 


The subject was immersed in a stirred water-bath maintained at his 
mouth temperature. His head was covered by a box ventilated with 


ie ~ saturated air at this temperature. Sweat was collected from a capsule 


covering 12 cm? of the inner surface of the right forearm. Dry air was 
passed through the capsule at 3 1./min, and the evaporated sweat collected 
over 4 min: periods in weighed drying tubes. The legs and feet could be 
cooled by raising them out of the water, and the degree of cooling could 
be varied by changing the air movement over the exposed wet skin. The 
skin temperature of the legs and feet was measured by ten thermocouples 
tied on with thin elastic cord. 

With the legs immersed, the sweat rate from the forearm was found to 
be linearly related to the mouth (and bath) temperature over the range 
_37-38° C. Cooling the legs produced a fall in sweat rate relative to that 
which would have been expected had the legs not been cooled. This reduc- 
tion was proportional to the reduction in leg temperature, and there 
no evidence that the change in posture was affecting the sweat ra 

A series of experiments was carried out to investigate the effect of 
occluding the circulation to the cooled legs. Each consisted of three 
observations of sweat rate with the legs immersed unoccluded, between 
which were interposed observations under two of the following conditions: 
legs cooled unoccluded, legs cooled occluded or legs occluded but not 
cooled. A block of six experiments in which each pair of these conditions 
was presented in each order was performed on each of three subjects. 
It was found that cooling the unoccluded legs always depressed the sweat 
rate, but that cooling the occluded legs did not depress it, i.e. the sweat 
rate was the same as if the legs had not been cooled. Occluding the circula- 
tion to the uncooled legs was without effect on the sweat rate. | 
. The results can be explained by supposing that’ there are no cutaneous 
receptors controlling sweat rate, which depends on deep body temperature 
(Benzinger, 1959) and its rate of change. Alternatively, if there are 
cutaneous receptors, then either they fail rapidly after occlusion of the 
circulation and their output is zero when no heat is exchanged, or they are 
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sensitive to a temperature difference which approaches zero when the 


circulation is stopped, although heat is being lost. The receptors postulated 


by Bazett (1951) are consistent with the observations. 
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Pulmonary diffusing capacity on exercise in athletes and non- 


athletic subjects. By R. G. BannistEr*, J. E. Cores, R.S. Jones} 


and F. Meapr. Pneumoconiosis Research Unit of the Medical 
Research Council, Llandough Hospital, Penarth, Glamorgan 

The attainment of a high oxygen intake requires a high diffusing capacity 

for oxygen (D,,,) (Shepard 1958). High D;,, values have been obtained in 


fit subjects (Heinonen, Karvonen & Ruosteenoja, 1958) ; few measurements 
on athletes have so far been reported (e.g. Bates, Boucot & Dormer, 1955). 


The present study concerns seven British middle-distance competitors 


in the 1958 Commonwealth Games at Cardiff and eleven control subjects ; 
their mean ages, surface areas and functional residual capacities were 
24-8 and 24-3 years, 1-78 and 1:85 m? and 4-03 and 4-191. respectively. 


Dy 5 Was measured by a modification of the single breath method of 


Forster, Fowler, Bates & van Lingen (1954) in which allowance is made 
for the changes in CO concentration during the inspiration and expiration 
of the test gas (Jones & Meade, 1960). Values so obtained are unaffected 
by the length of time of breath-holding: in the present study times of 
6-10 sec were employed. 

For both groups of subjects D, during exercise increased by 1:82 ml./ 
min/mm Hg/kcal/min increase in energy expenditure (Table 1) but, at the 
levels of energy expenditure studied, the values in the athletes were 
systematically higher (P < 0-05), These results may reflect a larger area 
or increased permeability of the alveolar capillary membrane in the ath- 
letes without there necessarily being a greater volume of blood in their 
alveolar capillaries. 

-- Measurements were made during near-maximal exercise in a few ag 
jects. These confirm the finding of Ogilvie, Forster, Blakemore & Morton 
(1957) that D; obtained by the single breath method increases linearly 
with exercise energy expenditure. The results therefore resemble those 
obtained for D, by the steady state CO. -method rather than by the oxygen 
method which, when determined simultaneously, gives values for D,, that 


9 Present address: National Hospital for Nervous Diseases, Queen Square, London, W.C.1. 
Tt Present. address ; The Royal Liverpool Children’s Hospital, Myrtle Street, Liverpool 7. 
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‘rise to a plateau at a relatively low level of energy expenditure (Shepard 
al. 1958). 


TasBLE 1, Energy expenditure (Zo, kcal/min) and single breath pulmonary diffusing capacity 
(D, ml./min/mm Hg) of dabjecte’t at rest and walking at 24 and 4 miles/hr (4 and 6 km/hr) 
@ horizontal treadmill 


Rest 24 miles/hr 4 miles/hr 
Athletes 

l 1-24 41-0 3-23 44-4 4-62 47-9 

2 1-82 32-2. 4:27 37:7 6-61 

3 1-71 39-1. 7-60 47-2 9-94 48-6 

4 1:72 4°16 42-6 6-25 

5 2-07 40-6 4-25 43-7 6-57 46°5 

6 1-46 29-1 2-61 40-0 4-91 44-0 

7 1-45 331 3-90 45-6 5-76 49-6 
Mean 1-64 36-11 4-29 43-0 6-38 46-5 

- Non-athletes 
il 1-45 36-3 4-60 394 7-19 42-1 
12 1-57 34-3 5-01 39-7 711 43-2 
13 1-37 32-2 4-59 41-7 8-41 44-7 
14 1-48 36-3 4-78 43-6 8-20 48-3 
15 1-85 31-3 4-68 41-5 8-05 44-4 
16 1-56 29-6 5:37 35-7 6-43 36-7 
17 1-52 31-4 4-91 35-0 8-01 43-7 
18 1:20. 27-2 31-9 5-36 35-0 
19 1-95 25-1 4-32 32-5 6-26 34-5 
20 1-52 30-0 414 36-9 6-09 38-7 
21 1-26 30:3 4-21 34-5 7-48 38-0) 
Mean ' 1-52 31-3 4°58 37°5 7-15 40-8 
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The production of selective deafness by direct suggestion onder ; 


hypnosis. By Buack and E. R. Wican. Psychiatric Department, 


The West London Hospital, Hammersmith, London, W. 6, and The — 


Engineering Research Department, British Broadcasting Corporation, 
Kingswood Warren, Tadworth, Surrey 


The auditory thresholds of six deep-trance hypnotic subjects with 
normal hearing were measured in the waking state and again after 
_ deafness to tones of specific frequency had been suggested under hypnosis. 
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The subject lay on a couch and wore high-fidelity headphones fitted 
with soft rubber earpads to minimize ambient noise, which was estimated 
at 30/40 Phons. The auditory thresholds were measured between 100 c/s 
and 10,000 c/s, ana two methods were used for presenting the test tones in 
the headphones. In the first method tones of variable but precisely known 
pitch were produced as a series of pulses from a circuit fed by a Muirhead- 
Wigan decade audio-oscillator. By use of a variable octave filter any 
distortion due to the oscillator or the pulse generator was kept to less than 
0-1%. The intensity of the tone was controlled by the operator and differ- 
ent frequencies were presented at random. In thesecond method a Békésy 
audiometer provided a gliding tone, the frequency rising throughout the 
test at the rate of about half an octave per minute. In this method the 
intensity was controlled by the subject and the result recorded auto- 
matically. In all experiments, during the suggestion of selective deafness 
to the hypnotized subject, the specific frequency involved was presented 
as a constant tone at an intensity level of 80 db sound pressure level 
(S.P.L.), over a period limited to 20 sec. 

It was found that hearing of tones at tha specific frequencies tested 
between 250 and 1000 c/s, and at a maximum intensity of 100 db 8.P.L. 
(the maximum considered safe for the subject at the duration used), 
could be inhibited by suggestion. In some subjects this inhibition tended 
to decay after periods varying from 10 to 30 min, while in others inhibition 
remained until removed by counter-suggestion. In certain subjects this 


selective deafness sometimes included not only the test pala but also 


half and twice this frequency. 
This work was supported by a grant from the Medical Research Council. 


Effect of local cooling on glucose metabolism in the human 
forearm. By ELLEN Brown* and R. F. Morrram. M.R.C. Group 
for Research on Body Temperature Regulation, Department of the Regius 
Professor of Medicine, The Radcliffe Infirmary, Oxford 


It is known that in man and dog (Wynn, 1954, 1956), and in the rabbit 
(Bickford & Mottram, 1958, 1960), the disappearance from blood of paren- 


~~~ terally administered glucose is depressed by hypothermia with anaesthesia. 


We therefore studied the effect of local cooling on the uptake of glucose 
by human forearm muscle. In twelve experiments on five healthy young 
men, forearm blood flow was measured by venous occlusion plethysmo- 
graphy at intervals of 10 min starting 50-138 min, and ending 95-216 min, 
after beginning a substantial breakfast. The water temperature of tlie 
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| plethysmograph was either neutral (34° C) or cool (18-20° C). Immersion 


at 18-20° C lowers deep temperatures of the forearm to 25-30° C (Clarke, 
Hellon & Lind, 1958). In the course of seven experiments the plethysmo- 
graph temperature was changed from neutral to cold, or vice versa, and an 
interval of at least 30 min was allowed for equilibration before resuming 


- observations. Before and after each measurement of flow, blood was taken 
_ through an indwelling catheter from a deep vein of the same forearm and, 


simultaneously, from a wrist vein of the opposite (gloved) hand which 


_ remained continuously in a bath of water at the maximum tolerated 
_ temperature (45-47° C). The O, content of venous blood from the heated 


hand was 0-0-0-5 vol. % lower than that of blood taken simultaneously 
from an artery in three experiments. Glucose differences of an equivalent 
size cannot. be precisely determined. The glucose concentration in this 


4 venous blood is therefore considered here as ‘arterial’. 


At 34° C, total flow averaged 7-5 ml./100 ml. forearm/min (3-8—16-6 ml.) 


and muscle flow, calculated from previously determined regression equa- 


tions, averaged 4-8 ml. (range 4:1—7-9). At 18-20° C, total flow averaged 
2-4 ml./100 ml. forearm/min (range 1-1-3-8) and muscle flow 3-6 (range 
1-7-5-9). During cooling, muscle flow fell in five experiments and rose 


slightly in two. 


The results of blood glucose determinations from all experiments were 


- averaged for each 10 min interval of experimental time. Arterial con- 


centration 50 min after breakfast averaged 150 mg %; it fell between 80 
and 90 min to 90-100 mg % and thereafter remained steady. Glucose 
A-V difference at 34° C was 20-30 mg % throughout, except for a rise to 
40 mg as the arterial level fell. Cooling was accompanied by a fall of A-V 
difference in four experiments, no change in one, and a rise in two; the 
average change was —4mg%. Glucose uptake (muscle flow x A-V dif- 
ference) at 34°C averaged 1-28 mg/100 ml. muscle/min (range 0-67—1-93) 
and at 18-20°C 0-88 (range 0-47-1-75). This change was statistically 


_ significant, Similar changes occurred in O, A-V difference and uptake on 


cooling. The ratio of glucose to O, A-V differences expressed as chemical 


_ equivalents was 3-0 at 34° C and 2-6 during cooling. 


It is concluded that the effects of local cooling on blood flow and glucose 


uptake of forearm muscle, if considered representative of skeletal muscle 
- as a whole, cannot account*for all the disturbances of glucose metabolism 


previously found in anaesthetized animals subjected to general body cool- 


_ ing. However, the plan of the present experiments is different from those 
_ performed on the anaesthetized preparations. 


¥ 
> 
‘ 
‘ 
| | 
© 
5 


70P PROCEEDINGS OF THE PHYSIOLOGICAL 


REFERENCES 


Bricxrorp, A. F. & Morrram, R. F. (1958). J. Physiol. 143, 37-38. 

Bicxrorp, A. F. & Morrram, R. F. (1960). Clin. Sci. (in the Press). 

R. J., R. F. & Linn, A. R. J. Physiol. 143, 454-473. 
Wynn, V. (1954). Lancet, 267, 575-578. 

Wyny, V. (1956). Clin. Sct. 15, 297-304. 


Absorption rates of glycine and glycyl-glycine. By H. Newry and 
D. H. Smytx. Department of Physiology, University of Sheffield 


Newey & Smyth (1959a) showed that if dipeptides are present in the 
intestinal lumen they enter the blood stream predominantly as amino acids. 
Later work (Newey & Smyth, 1959b) showed that glycyl-glycine could 
enter the mucosal cells and was hydrolysed intracellularly. Since there is 
considerable evidence for the existence of a special mechanism for intes- 
tinal transfer of amino acids, the question arose whether there is also 


a special mechanism for the dipeptide transfer. Experiments therefore 


were carried out to compare the rate of entry of glycine and glycyl-glycine 
into the mucosal cells.’ 

The in vitro preparation was the sac of everted rat small intestine 
(Wilson & Wiseman, 1954). Sacs were filled with 1 ml. bicarbonate saline 
containing 500 mg glucose/100 ml.,.and were incubated in 50 ml. of the 
same solution to which was added either glycine or glycyl-glycine (15-1 mm). 
After 30 min the amount of glycine present in the mucosal and serosal 
fluids and in the intestinal wall was estimated. .Results showed that the 
rate of entry of glycyl-glycine into the mucosal cells was approximately 
the same as rate of entry of glycine. Anaerobic conditions and 2: 4-dinitro- 
phenol (2 x 10-4 m) greatly reduced the entry of both glycine and glycy)- 
glycine. These conditions did not affect peptidase activity in homogenates. 

The in vivo experiments were carried out with the preparation of Sheff 
& Smyth (1955). When solutions of glycine or glycyl-glycine (37-8 mm) 
were circulated through the intestinal lumen of the anaesthetized rat for 


30 min they disappeared from the lumen at approximately the same 


rate. 

These experiments suggest that glycyl-glycine is absorbed by a mechan- 
ism other than diffusion, and hence raise the question whether there is one 
mechanism which can transfer both glycine and glycyl-glycine. Since 
anaerobic conditions interfere with intracellular hydrolysis but do not 
inhibit peptidase activity, there is probably a mechanism for entry of 


glycyl-glycine into the cell, and this mechanism functions only under . 


aerobic conditions. The mechanism for amino-acid transfer, postulated by 
Gibson & Wiseman (1951), may be located at the mucosal border of the 
cell and be capable of dealing with both peptides and amino acids. This 
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mechanism may be only for entry of these substances, and there may be 
another mechanism for movement of the amino acids against a concentra- 
tion gradient. The possibilities of the site of the mechanism are analogous 
to those suggested by Newey, Parsons & Smyth (1959) for glucose. Di- 
peptides may thus play an important part in the absorption of dietary 
protein, even though they do not subsequently enter the blood stream. 
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The effects of tyramine on the isolated guinea-pig heart. By 
P. A. Nasmytu. Department of St Mary’s Hospital 
Medical School, London, W. 2 


Burn & Rand (1958) have suggested that in the intact animal tyramine 
normally acts by releasing noradrenaline or adrenaline from the store in 
the artery wall. By contrast, the effects of tyramine on the isolated guinea- 
- pig heart perfused with Krebs’s solution by Langendorff’s method would 
seem to be of interest. 

The increase in amplitude of the beat in response to regular injections 
of 5-10 ug of tyramine, given at 5 min intervals, gradually diminishes and 
finally disappears whether the drug is injected at regular intervals or not. 
When the response to tyramine has disappeared, the injection of 10 yg of 
noradrenaline causes it to reappear for a period of about 20 min. The inclu- 
sion of tyramine in the perfusion fluid at a concentration of 5 x 10-® g/ml. — 
for a period of 30 min results in a disappearance of the response to injected 
tyramine, both during the perfusion of tyramine | and after the drug is 
removed from the perfusion fluid. 

The pressor amine content of hearts perfused i in these various ways was 
_ estimated in terms of noradrenaline (ng/g wet weight) with the following 
results: 


Duration of Response to Pressor amines No. of 


‘Perfusion fluid perfusion tyramine (ng/g+s.E.) hearts 
Krebs’s solution 30 min Present 552+ 61 
Krebs’s solution + tyramine 30 min Absent 602 + 57 10 
5 x g/ml. 3 
Krebs’s solution 3-5 hr Absent 559 + 41 10 


The immediate effect of including reserpine 10-* g/ml. in the perfusion 
- fluid was to potentiate the response to injected tyramine. This effect 
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coincides with the period during which one might expect reserpine to be 
releasing noradrenaline from stores in the heart; Following upon the short 
period of potentiation, the responses to tyramine gradually diminish and 


eventually disappear. These results suggest that the loss of response to | 


tyramine in the isolated guinea-pig heart and its restoration with doses of 
noradrenaline may be related not so much to intracellular noradrenaline 
as it is to noradrenaline in the extracellular fluid. ; 
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The effect of stimulating the vagus nerve on the mechanical 
events of the heart. By S. K. Brockman, J. P. Gumorg, R. J. 
Linpen,* J. H. and 8. J. Sarnorr. Laboratory of Cardio- 
vascular Physiology, National H eart Institute, Bethesda, Maryland, 

. 


In the anaesthetized dog with the chest open, heart rate, pressure in the 


aorta and the left atrium, and mean blood flow in the aorta:-were recorded © 
simultaneously. The heart rate was maintained constant by stimulating the 


left atrium. Both vagi were divided in the neck. 

With the heart rate constant, stimulation of the peripheral end of one 
vagus nerve resulted in a diminution in cardiac output, a fall in aortic 
blood pressure and a rise in mean atrial pressure ; these effects were abolished 
by atropine. These results can be interpreted as a negative inotropic effect 
of the vagus on the ventricle. That there is such a negative inotropic effect 
was suggested by Peterson (1950). 

However, other explanations are possible. There might have been a change 
in the extensibility of the left ventricular muscle. By recording changes in 
length of a segment of myocardium as described previously (Linden, 
Mitchell & Sarnoff, 1960) it was shown that there was no change in the 
relationship between end-diastolic pressure in the ventricle and myo- 
cardial segment length when the vagus nerve was stimulated. Thus it may 
be inferred that there was no change in extensibility of the ventricular 
muscle. 


Another possibility is that during stimulation of the vagus nerve > 


changes in mean atrial pressure do not indicate similar changes in ven- 
tricular end-diastolic pressure. In experiments in which the pressure in 
the ventricle also was recorded, stimulation of the vagus nerve resulted 
in a decrease in end-diastolic pressure in the ventricle although there was : 
simultaneous increase in mean atrial pressure. Further, the relationship 
a Present address: Department of Physiology, Medical School. University of Leeds. 
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between stroke work (mean aortic pressure x stroke volume) and end- 
diastolic pressure in the ventricle was examined over a range of end- 
diastolic pressures by repeated infusion and bleeding; this relationship 
was unaltered during stimulation of the vagus nerve. Therefore there was 


no negative inotroy fie effect on the ventricle. 


In experiments in which heart block was produced by section of the 
bundle of His and in which the atrial rate was kept constant it was 


_ shown that the ‘a’ wave of the atrial pressure pulse (which results from 


atrial contraction) was diminished during stimulation of the vagus nerve. 
This result confirms the suggestion of McWilliam (1888) that stimulation 


of the vagus nerve results in a diminished atrial contractility. 


It is suggested that, with the heart rate constant, the sole effect on the 


mechanical events of the heart of stimulation of the vagus nerve is to _ 


decrease atrial contractility. As a result of the decreased atrial contraction 


_ the ventricle is less filled during ventricular diastole. Thus atrial volume 
- and mean pressure rise, and cardiac output and arterial blood pressure 


fall. 
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The secretory response to discontinuous infusions of histamine 
in the dog. By E. H. L. Harrizs. Department of Physiology, 
University of Birmingham 


The use of ‘double’ histamine tests for assessing inhibitors of gastric 
acid secretion is well established. Histamine has been given either as a 
single subcutaneous injection or by continuous intravenous infusion, both 


- in anaesthetized and unanaesthetized animals, and in man. During the 


course of experiments designed to measure the effects of sympatho- 
mimetic amines on gastric secretion, it was noticed that the secretory 
responses to identical infusions of histamine were often irregular. 
Unanaesthetized dogs with simple gastric fistulae were used. Histamine 
acid phosphate (0-75 ug/kg/min) was administered by continuous intra- 


- venous infusion. By giving the histamine infusion for 35 min followed by 


a period of 35 min between infusions, it is possible to perform experiments 
on two dogs simultaneously with the same injection apparatus. Both 
dogs can be given five infusions each within 6-5 hr. 7 

As may be seen in Fig. 1, the response to a second infusion of histamine 
is often far greater than the response to any of the other infusions on the 
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same day. In the experiments where the dogs received five infusions, the 
mean amounts of total acid (m-equiv) secreted were respectively 


2°94 3:98 3:00 2-86 2°75 


In all the experiments t-tests have been performed on the column or dif- 


ferences between the first and second, and also between the second and 
third responses. The probability of the _" second response being due to 
chance is less men 5%. 
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Secretory response to individual infusions of histamine 
(m-equiv total acid) 
Fig. 1. Secretory response to repeated equal infusions of histamine on the same 
day. Dotted line represents the mean response. First response = ©; second 
response = @; third response = A; fourth response = @; fifth response = 0). 
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Acetate, intestinal transfer of (rat), 51 
Acetazoleamide, intraocular pressure after 
ganglionectomy affected by (rabbit), 449 
Acetylcholine, conduction in non-myeli- 
nated fibres affected by (rabbit), 141 
adrenal medulla pressor amines output 
. affected by (calf), 22 
milk ejection response to intracarotid 
(dog), 521 
plain muscle affected by 5-HT and by 
(Mytilus edulis), 230, 236 
tubocurarine quantitative antagonism at 
* motor end-plate to (frog), 312 
Action potential, DDT action on giant 
axon (cockroach), 123 
Active state, assessment iri skeletal muscle 
of duration of (frog), 38 


AAa 


and activity of (man), 61P 
Aden , giant axon meta- 
bolism ind (squid), 551 
giant axon Na efflux affected by injection 
of (squid), 564 
Adrenaline, adrenal medulla output of 
(calf), 14 
foetal bradycardia induced by (guinea- 
pig), 4 
milk ejection response to oxytocin affected 
by (dog), 522 
* pupil after ganglionectomy affected by 
(rabbit), 453 
thyroid response to TSH affected by 
(rabbit), 535 
uterus affected by (cat), 243 
Adrenal medulla, adrenaline and nor- 
adrenaline output from (calf), 14 
Afferent C fibres, conduction velocity in 
(cat), 339 
Age, adrenal medulla pressor amines con- 
- eentration affected by (calf), 16 


Aldosterone, neurohypophysial hormones. . 


“interactions on isolated kidney with 
(cat), 206 

Anaesthesia, high pressure oxygen effects 
on cardiac and respiratory function 
affected by type of (cat), 507 

Anoxia, foetus and new-born resistance to 
(monkey), 286 

Apparatus. Fluid mixing in microcalori- 
meter, 8P 

Stimulus coupler, | P 


tase, ion movements 
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Aqueous humour, ganglionectomy effect 
on flow rate of (rabbit), 450 
Arginine phosphate, giant axon meta- 
bolism and (squid), 551 
giant axon Na efflux affected by in- 
jection of (squid), 564 
Asphyxia, foetus and new-born resistance 
to (monkey), 286 
Atria, “K efflux from (rabbit), 
354 
Atrial cells, dimensions of (rabbit), 358 
Atropine, colon activity affected by 
(rabbit, guinea-pig), 409 
nicotine action on colon affected by 
(rabbit), 193 
Auricle, DNP and chloride content of (rat), 
31P 


_Autoradiograph, rapid quantitation of 


silver grains in, 41 P 


_Azide, phosphate compounds in giant axon 


affected by (squid), 557 


‘Blood-brain barrier, absence in special 


areas of brain of (cat), 20P 

Blood oxygen saturation, foetal and new- 
born (monkey), 273 

Blood pH, high pressure oxygen effect on 
(cat), 508 

Blood pressure; carotid blood heating 
effect on (cat), 88 

medulla local mens effect on (cat), 

94 


_ Bone marrow, ramthoe for studying rate of 


blood flow through (rabbit), 39P 
Bradykinin, capillary permeability affected 
by (guinea-pig), 75 
Brain, histamine formation and oo 
in (cat), 299 
method for recording electrical activity in 
conscious monkey of {T), 49P 


Bright flashes, occipital potentials evoked ~ 


by 


Calcium, DDT. actjon on negative after- 
potential of giant axon affected by 
(cockroach), 134 

Capillary permeability, bradykinin and 
other substances effect on (guinea-pig), 
75 | 

serum kallikrein and bradykinin effect on 
(T), 10P ‘ 
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Carbachol, tubocurarine quantitative anta- 

gonism at motor end-plate to (frog), 312 
_ Carbon monoxide, cytochrome C action on 
“tissue oxygen after (rat), 


ing (monkey), 282 

Carotid blood heating, cardiovascular and 
respiratory responses to (cat), 87 

Catch mechanism, evidence for (Mytilus 
edulis), 233 

Cerebral cortex, axon terminals by light 
and electron microscopy in (lizard), 3 P 
potassium salts and resting potentials 
in slices of (mammal), 59P 

Cervical sympathetic, intraocular pressure 
affected by pre- and post-ganglionic 
section of (cat, rabbit), 437 

Chirping, simult ordir 
and rate of (chick), llP 

Cholinesterase, location in myoneural 
junction of (guinea-pig), 5P 

Ciliary processes, ganglionectomy effect 
on blood flow to (rabbit), 452 

4C-J11, binding by isolated tissue 
(rabbit), 50P 

Cold, cutaneous-mech ptor response 
to (cat), 350 

Collagen, hormones action on uterine (rat), 
419 

Colon, nicotine inhibitory action on (rabbit), 
191 

peristalsis and 5-HT release affected 

by nerve stimulation of (rabbit, 
- guinea-pig), 405 

Conduction velocity, ACh action on vagal 
C fibres’ (rabbit), 151 

Cortex, equipment for micro-electrode 
study of normal (T), 50P 

Cutaneous afferent nerve, spinal cord 
potentials generated by impulses in 

Cutaneous mech ptors, afferent 
C fibres from (cat), 337 


ig of activity 


Cutaneous sensory nerve impulses, 


initiation of (fish), 53P 
_ Cyanide, giant axon Na efflux affected by 
tration and (squid), , 592 
phosphate screeds in giant axon 

affected by (squid), 551 
Cytochrome C, oxygen consumption of 
tissues after CO poisoning affected by 

(rat), 482 


DDT, giant axon negative after-potential 
affected by (cockroach), 122 

Deafness, production by direct suggestion 

_ under hypnosis of selective (man), 67 P 


482. 


Decompression sickness, localization of 
(man), 167 
Denervated skeletal muscle, ACh con- 
tractures in isotonic K,SO, of (rat), 12 P 


_.Denervation, tubocurarine affinity for 


__mlotor end-plate affected by (frog), 319 
Diaphragm, calcium effect on (rat), 57 P 
oxygen consumption and cytochrome ( 
changes after acclimatization in (rat), 
55P 
Dibenzyline, foetal bradycardia 
to drugs affected by (guinea-pig), 6 


Dinitrophenol, phosphate compounds in 


giant axon affected by (squid), 5 Boe 
Dipeptides, intracellular h 


intestinal absorption of (rat), 367 ies 


Electroencephalogram, bright 
effect on occipital (man), 111 

Electroretinogram, occipital potentials 
relation to (man), 109 

Epidermis, radio-iodide concentration in 

(rat), 469 

Erythrocyte membrane, new method for 
determining half-saturation of facilita- 
ted transfer of glucose across(man), 32 P 

Erythrocyte, temperature and pH effects on 
facilitated transfer of glucose from 
(man), 64P 

Eserine, ACh action on non-myelinated 
fibres affected by (rabbit), 152 

Exercise, pulmonary diffusing capacity in 
athletes and non-athletes on (man), 67 P 


Fat:muscle ratio, nitrogen elimination 
during oxygen breathing relationship to 
(man), 167 

Fatty acids, intestinal transfer of short- 
chain (rat), 48 

Foetal bradycardia, gestational age and 
hormones influence on (guinea- -pig), 1 

Foetus, new-born comparison with 
(monkey), 271 

Forearm, local cooling effect on glucose 
metabolism in (man), 68P 


Gangliosides, cerebral tissues response to 
electrical pulses conditioned by, 60P 
Gastric secretion, histamine discontinuous 
infusions effect on (dog), 73P 
measurement of total gastric blood flow 
. nd (dog), 47P 
method of studying effect of emotional 
changes under hypnosis on (man), 46P 
Gestational age, foetal bradycardia re- 
Sponse to drugs affected by (guinea- 
pig), 1 
foetal weight relation to (monkey), 276 
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Giant axon, cyanide and arginine phos- 
phate effect on cation transport in 
(squid), 591 

DDT effect on negative after-potential in 
(cockroach), 122 


‘energy-rich’ phosphate compounds effect | 


on sodium. efflux from (squid), 561 
phosphorus metabolism and sodium 
transport in (squid), 545 
Giant nerve cell, site of origin of efferent 
action potentials in (Aplysia), 36P 
Gingival blood flow, qualitative assess- 
| ment of variations in (rabbit), 48 P 
Glomeruli, bisection of isolated (T), 3P 
- Glucose, semistarvation effect on .absorp- 
«eet tion from small intestine of (rat), 184 
Glycine, absorption rates of glycyl-glycine 
and (rat), 70P " 
Hair, radio-iodide uptake by (rat), 474 
Heart, left side perfusion of isolated (rabbit), 
41P 
sympathetic nerve stimulation effect on 
ventricular diastolic pressure and 
: change in length of (dog), 19P 
Heart model, (T), 50P 
independent control of strength and 
frequency of beat and duration of 
systole in (T), 1P 
Heat acclimatization, rate of decay of 
(man), 26P 
Heat, cutaneous mechanoreceptor response 
to (cat), 349 
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, colon activity affected 
by (rabbit, guinea-pig), 410 
nicotine action on colon affected by 
(rabbit), 194 
Histamine, brain formation and cata- 
bolism of (cat), 299 
pulmonary diffusing capacity affected by 
inhalation of (man), 176 
Histidine, brain formation of histamine 
from (cat), 304 
Horizontal cell layer, graded potentials i in 
retina from (bream), 497 


Hornet venom, ACh, 5-HT and a new 


kinin in (T), 10P 
Hydroxytryptamine, colon activity af- 
fected by (rabbit, guinea-pig), 411 
plain muscle affected by ACh and by 
‘Mytilus edulis), 230, 236 
Hypophysectomy, aldosterone action on 
isolated kidney affected by (cat), 213 
Hypothalamus, thyroid activity affected 
by stimulation of (rabbit), 535 


_ Intracarotid hypertonic injection, milk 
ejection response to (dog), 520 


Intracarotid injections, oxytocin libera- 
tion following (rabbit), 384 

Intraocular pressure, pre- and post- 
ganglionic section of cervical sym- 
pathetic effect on (cat, rabbit), 437. 

superior cervical ganglionectomy effect 

on (rabbit), 447 

Iproniazid, histamine catabolism in brain 
affected by (cat), 303 


Kallidin, serum kallikrein and plasmin 
release of (guinea-pig), 79 

Kidney, aldosterone and neurohypophysial 
hormones interactions on isolated (cat), 
206 


Leg exercise, vasomotor reactions in fore- 


arm and hand during (man), 17P 
Leucocytes, pyrogen liberation by (rabbit), 
51P 


Lung, oxygen-15 and oxygen-16 uptake 
rate in (man), 325 


Macrophages, dental tissues of young rats 
containing (T), 50P 

M oreceptors, afferent C fibres from: 
(cat), 337 

Medulla, heat-sensitive region in (cat), 
93 

Melanophore-expanding substances, 
blood containing (man), 459 

Menstrual stimulant, chemical nature of 
(T), 55P 

Microcalorimeter, method for mixing 
fluids in, 8P 

Milk ejection, oxytocin dosage relation to 
(dog), 519 

Molluscan muscle, ACh and 5-HT action 
on (Mytilus edulis), 236 

_ innervation and activity of (Mytilus 
edulis), 220 

Monosynaptic paths, changed moto- 
neurone function effecting development 
of (cat), 29P 

Motor end-plate, tubocurarine quantita- 
tive antagonism to carbachol and ACh 
at (frog), 309 


_ Muscle spindle, sensory terminations, in 


(frog), 18P 

Muscle twitch, pressure receptors affected 
by (cat), 257 

Myoneural junction, cholinesterase loca- 
tion in (guinea-pig), 5P 


. Negative after-potential, DDT effect on 


giant axon (cockroach), 122 
Nerve-muscle preparation, plain muscle 
(Mytilus edulis), 223 
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xxil 
Nerve, sodium permeability of myelinated 
and unmyelinated (toad, squid), 159 
Neurohypophysial hormone, identifica- 
tion of new (palleck), 56P > 
New-born, foetus comparison with 
(monkey), 271 
hypoxia inhibition in (cat), 52P 
temperature effect on oXygen consump- 
tion of (monkey), 277 
Nicotine;colon activity affected by (rabbit, 
guinea-pig), 410 
colon inhibition by (rabbit), 191 
Nitrogen elimination, fat: muscle ratio 
relationship during oxygen breathing to 
(man), 167 
Non-myelinated afferent fibres, cut- 
aneous thermoreceptors with (cat), 19P 
Non-myelinated nerve fibre, ACh and 
eserine action on conduction i in (rabbit). 
141 
Noradrenaline, adrenal medulla output of 
(calf), 14 
calorigenic action in new-born and hypoxia 
inhibition of (cat), 52P 
Nucleoprotein, electron microscope study 
of structure of (calf), 10P 
Nucleus gracilis, single neurones response 
to lemniscal and cerebellar stimulation 
in (cat), 638P 


Occipital potentials, latency and form 
after bright flashes of (man), 108 

Oestradiol, uterine collagen content and 
physical properties affected by (rat), 
423 

‘Off’ response, graded potential in retina 
with (bream), 485 | 

Ouabain, phosphate compounds in giant 
axon affected by (squid), 557 

Over-ventilation, capacity vessels dis- 
tensibility in forearm reduced by (man), 
16P 

Oxygen, cardiac and reapivatory function’ 
affected by high pressure of (cat), 506 


Oxygen-15, uptake rate of oxygen-16 in — 


lung comparison with (man), 325 
Oxygen consumption, cytochrome C 
action after CO poisoning on. tissue 
(rat), 482 
temperature effect’'on new-born (monkey), 
Oxytocin, aldosterone action on isolated 
kidney affected by (cat), 213 
foetal bradycardia induced by (guinea- 
pig), 6 
milk ejection response to (dog), 519 
_ survival time in blood of (rabbit), 383 


| Pigmentation, 
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Pad receptor units, mechanical stimula- 
tion patterns and excitability changes 
in (cat) (T), 10P 

Pain receptors, skeletal muscle containing 
(cat), 260 


Parasympathetic denervation, salivary 


gland respiratory enzymes affected by 
(cat, rabbit), 100 
Peptidase, small intestine cells containing 
(rat), 374 
Peristalsis, nerve stimulation affecting 
colon (rabbit, guinea-pig), 408 
pH, giant axon uptake of DNP affected by 
(squid), 556 
thyroxine electrophoretic mobility affec- 
ted by, 398 
thyroxine mobility in paper 
phoresis affected by, 602 
Phenylalanine, thyroxine movement in 
electrophoresis affected by, 395 
melanophore-expanding 
substance in blood of subject -with 
(man), 461 


Plain muscle, innervation and activity of 


(Mytilus edulis), 220 
Plasmin, fibrinolytic activity of (man), 
81 
Potassium, cyanide poisoning of giant 
axon dependence on concentration of 
(squid), 592 
DDT action on negative after-potential of 
giant axon affected by (cockroach), 
133 
efflux from contenetiog atria of labelled 
(rabbit), 354 
giant’ axon Na efflux restoration by ATP 
and arginine phosphate affected by 
concentration of (squid), 575 
ssure receptors, skeletal muscle con- 
taining (cat), 252 
Progesterone, uterine collagen content and 
physical properties affected by (rat), 
425 
Propionate, intestinal transfer of (rat), 52 
Proteolytic enzymes, thyroxine in serum 
movement in electrophoresis affected 
by, 392 
Pulmonary baroreceptors, pulmonary 
arterial pressure change effect on (dog), 
33P 
Pulmonary diffusing capacity, histamine 
inhalation effect on (man), 176 
Pyrogen, leucocytes liberation of (rabbit), 
51P 


Radioactive isotopes, autoradiography of | 
tissues containing water-soluble (rat), 
44P 
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Radio-iodide, skin distribution of (rat), 
467 

Relaxin, microscopical study of modifica- 
tion of oestradiol and progesterone 
action on uterine tract by tee), 
42P 


uterine collagen content and physical — 


properties affected by (rat), 425 
Relaxing muscle, mechanical properties of 
(frog), 30 
location in kidney of (rabbit), 
27P 
Reserpine, growth and testicular develop- 
ment inhibition by (chicken), 15P 
nicotine action on colon affected by 
(rabbit), 195 
Respiration, Cossor oscilloscope indicating 
phase of (T), 7P 
medulla local heating effect on (cat), 
94 
Respiration enzymes, denervation effect 
on salivary gland (cat, rabbit), 99 
Respiratory reflexes, new-born showing 
(monkey), 282 
Retina, graded potentials of (bream), 487 
modulation thresholds for sinusoidal light 
distributions on (man), 67 


Salivary glands, denervation effect on 
respiratory enzymes in (cat, rabbit), 
99 - 


_Semistarvation, small intestine absorp- 


tion capacity affected by (rat), 182 
Serum, thyroxine concentration relation to 
electrophoretic distribution in, 604 
Serum kallikrein, capillary permeability 

affected by (guinea-pig), 77 
Sinusoidal fringes, modulation. thresholds 
for retinal (man), 67 


Skeletal muscle, low-temperature effect on 


recovery from potassium depolarization 
of (frog), 25P 

mechanical properties of relaxing (frog), 
30 

pressure-pain receptors in (cat), 250 

reflex activation of vasodilator fibres in 
decerebrate and intact animal to (cat), 
54P 


Skin, equilibration between water vapour 


and (man), 58P 

neurohypophysial extract stimulation of 
active sodium feepaptet across (frog), 
28P 

radio-iodide distribution in (rat), 467 

receptive fields of C mechanoreceptors 
in (cat), 343 


mechanoreceptors, post-excitatary 
recovery in (frog), 22P 


Sodium efflux, 


Small intestine, dipeptides absorption 

from (rat), 367 
semistarvation effect on absorption in 
(rat), 182 
short-chain fr.tty acids transfer by (rat), 

48 

Smooth muscle, action potentials and 
contractile mechanism dissociation in 
(guinea-pig), 16P 

Sodium, permeability of toad and squid 
nerve to, 159 

‘energy-rich’ phosphate 
compounds effect on giant axon (squid), 
561 

Spindle motor fibres, ether action on 
discharges of (T), 3P 

Stereotactic surgery, new apparatus for 
human (T), 49P 

Stimulus coupler, low-capacitance, low- 
output impedance, | P 

Suckling, oxytoxin and vasopressin release 
caused by (dog), 516 

Superfused rat uterus, blood oxytocic 
activity directly determined on (rabbit), 
38 


Supraopticohypophysial tract, thyroid 
activity affected by stimulation of 
(rabbit), 537° 

Sweating, leg cooling effect on forearm 
rate of (man), 65P: 

Sympathetic denervation, salivary gland 
respiratory enzymes affected by (cat, 
rabbit), 103 


Tenotomy, motor reflexes changed by 
(rabbit), 23 P 

Tetanic contraction, pressure receptors 
affected by (cat), 258 

Thiouracil, hair uptake of radio-iodide 
affected by (rat), 476 


‘Thyroid activity, hypothalamic stimula- 


tion and TSH injection — on (rabbit), 
527 
Thyroid vessels, anatomy of and blood 
flow through (rabbit), 530 
Thyrotrophic hormone, thyroid activity 
affected by injection of (rabbit), 
532 
Thyroxine, Alter-paper electrophoresis 
barbiturate buffer of, 391 
paper electrophoresis in tris-maleate 
‘buffer of, 601 
Tonal stimuli, frequency modulation 
by voltage-sensitive capacitors of, 
40P 
Tubocurarine, carbachol and ACh quahti- | 
tative antagonism at motor end-plate 
to (frog), 309 
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Tyramine, isolated heart wacnicinuns by 
(guinea-pig), 71.P 


Uterine cervix, hvurmones’ action on 
physical properties and collagen con- 
tent of (rat), 419 

Uterus, adrenaline action on (cat), 243 


Vagal C fibres, ACh action on (rabbit), 144 

Vagotomy, high pressure oxygen effect on 
cardiac and respiratory function af- 
fected by (cat), 511 


K27 


SUBJECT INDEX 


Vagus nerve stimulation, mechanical 
events of heart affected by (dog), . 
72P 

Vasopressin, aldosterone action on isolated 
kidney affected by (cat), 214 

Ventricle, calcium exchange in isolated 
(turtle), 34P 

Visual acuity, threshold flux and eye move- 
ments and (man), 24P 


Wound contraction, granulation tissue 


resorption and (rabbit), 7P 
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